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Synthesis and Characterization of Multicomponent Anisotropic 
Semiconductor Nanostructures with Unique Physicochemical Properties 
  Colloidal semiconductor nanocrystals (NCs), also known as quantum dots 
(QDs), have interesting electronic, physical and chemical properties which 
have led them to be promising candidates for applications such as bio-imaging 
and optoelectronics. Recent developments in the field have enabled the 
synthesis of multicomponent semiconductor heterostructures, such as metal- 
or metal oxide-deposited semiconductor nanorods or tetrapods. These hybrid 
nanostructures can exhibit unique physicochemical properties and 
functionalities which are not achievable in their individual components.  
  In the first part of this thesis, the ability to design and synthesize such 
hierarchically complex semiconductor nanostructures is explored in both the 
organic and aqueous phase. In particular, the fabrication of Pd-Au alloyed 
tipped and Au core-FexOy hollow shell tipped semiconductors have been 
demonstrated, which may offer possibly improved catalytic properties and 
magnetic functionalities respectively. In addition, Pt deposited CdSe-seeded 
CdS tetrapods were introduced, which were found to be facilitated via the 
surprising formation of a thin interfacial layer of PtS. This unique architecture 
was utilized to perform cation exchange reactions, resulting in Pt decorated 
Ag2S and PdS tetrapods. The novel metal- and metal oxide-semiconductor 
nanostructures will undoubtedly open up avenues for new or enhanced 
applications in photocatalysis and optoelectronics. In the second part of this 
thesis, via template-assisted approaches, silica-encapsulated anisotropic 
hollow iron oxide and solid gold tetrapod nanostructures were obtained, 
resulting in unique shape-dependent magnetic and plasmonic properties 
respectively. The growth mechanism of hollow iron oxide tetrapods was 




be able to replicate the shape of the original template with high precision. In 
the other case, by using monochromated electron energy loss spectroscopy 
(EELS) technique, the as-obtained gold tetrapods were demonstrated to 
successfully address the challenge of measuring EELS spectra of different 
positions within an individual particle and mapping plasmon field distributions 
within nanometer resolution. The new branched metal and metal oxide 
nanoparticles offer a lot of promise in applications such as catalysis, magnetic 
resonance imaging and drug delivery. 
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1.1 General introduction on semiconductor quantum dots 
   
  Quantum dots (QDs) are colloidal semiconductor nanocrystals (NCs) of 
sizes typically less than 10 nm, and comprise of between a few hundred to a 
few thousand atoms per particle.1 The most common QDs are derived from 
II-VI, III-V and IV-VII semiconductors, e.g., CdSe, CdS (II-VI), InP (III-V) 
and PbSe (IV-VI). Given their dimensions in the nanoscale, these particles 
possess very large surface-to-volume ratios and the surface atoms are both 
passivated and stabilized in solution by organic capping ligands (as illustrated 









Figure 1.1. NCs are stabilized in the solvent by organic capping groups, which 
in this thesis are primarily those of trioctylphosphine and trioctylphosphine 
oxide. 
 
Over the past two decades, intensive research efforts have been focused on 
exploring these materials for their unique size- and shape-dependent optical 
properties, in order to harness their physicochemical attributes for diverse 
applications such as light-emitting diodes (LEDs), solar cells, and biological 
imaging.3-5 To date, the synthesis of nanometer-sized, crystalline colloidal 
QDs can be easily achieved in a single reaction flask with low-cost apparatus 
and chemical precursors. The as-obtained QDs are capable of exhibiting 
1-10 nm 
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size-tunable emission across a large spectral range, high quantum yields (QY) 
of nearly 100%, high photostability and narrow linewidths (20–25 nm) as 
compared to conventional organic dyes.6-11 
 
1.1.1. Electronic and optical properties of quantum dots 
 
In semiconductors, there are two different electronic states which are termed 
the conduction band and valence band. Semiconductors of various materials 
composition will have different band gaps, thus requiring different amounts of 
energy to excite an electron from the valence to conduction band. This results 
in the electron being promoted to the conduction band, leaving behind a 
positively charged hole in the valence band. The electron and hole are 









Figure 1.2. Schematic representation of the band gap in a bulk semiconductor. 
A photon with higher energy than the band gap will excite an electron into the 
conduction band, leaving a positively charge hole behind in the valence band. 
The electron-hole pair is linked electrostatically to form an exciton. 
 
 
When the charged carriers are confined within dimensions comparable to 
the exciton Bohr radius of the material (~5.6 nm for the case of CdSe NC),12,13 
the excitons are squeezed by the large potential at the boundary of the NC, 
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leading to strong quantum confinement effects. Such effects were first 
investigated nearly three decades ago via absorption spectroscopy since the 
strong quantum confinement in these semiconductor nanostructures gives rise 
to discrete energy states that manifest as unique absorption features. Figure 
1.3 illustrates the evolution of the density of electronic states as a function of 








Figure 1.3. Illustration of the effect of quantum confinement as the physical 
dimensions of the semiconductor decrease. Adapted with permission from ref. 
12. 
 
The discrete electronic energy states can be crudely represented by the 
“particle in a box” model12 in which the energy of different levels is dependent 
on the length of the box. (Figure 1.4(A)) The energy of the first excited state 
may be written as: 
E1s=h2/8meffa2 
 
Where “meff” is the effective mass and “a” is the radius of the sphere. With the 
increase in the semiconductor size, it is obvious from the equation that the 
energy decreases. If the sphere radius is smaller than the exciton Bohr radius, 
the particle is said to be in the “strong confinement regime”. When the size of 
the quantum dot is small enough that the quantum confinement effects 
dominate (typically less than 10 nm), the electronic and optical properties 
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become highly dependent on the particle size.14 At higher energies, however, 
the electronic states remain bulk-like, which results in a nearly continuous 













Figure 1.4. The size dependent optical properties of CdSe nanocrystals. (A) 
shows the increase in spacing between the energy levels as the energy well 
become thinner. (B) The increasing size of the CdSe nanocrystals gives rise to 
red shift of the first absorption peak, indicating the smaller band gap. Adapted 
with permission from ref. 7. 
 
While it has been mentioned that the bandgap energy for strongly quantum 
confined semiconductor nanoparticles changes dramatically as a function of 
their size (displaying absorption across the entire visible spectrum in the case 
of CdSe), what is perhaps less emphasized is the fact that the absolute band 
edge energies are also closely related to the size, shape and composition of the 
individual crystal. Therefore, as the size of the quantum dot decreases, its 
emission wavelength blue-shifts. In Figure 1.5, an image of different sized 
CdSe NCs in hexane, being excited with a single light source, is displayed, 
emitting a wide range of colors in the visible range.  
A B 
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Figure 1.5. Photograph of CdSe NCs in hexane excited with a single light 
source, giving rise to a wide range of colors in the visible range by tuning the 
size of NCs.  
 
1.1.2. Quantum dot synthesis and surface passivation 
 
  The production of colloidal cadmium chalcogenide nanocrystals has been 
carried out using many different synthetic routes which date back to the early 
1980s.15,16 A seminal study of nanometer sized QD crystallites which provided 
a very clear observation of the evolution of their optical properties with size 
was that of Murray et al. in 1993.7 In this work, the production of cadmium 
selenide (CdSe) was carried out by introducing dimethylcadmium and 
trioctylphosphine selenide (TOPSe) precursors into a coordinating solvent 
under an inert atmosphere. 
 
Me2Cd + TOPSe → CdSe + (byproducts) 
 
This synthesis is based on the pyrolysis of organometallic reagents by rapidly 
injecting the precursors into a mixture of trioctylphosphine oxide and 
trioctylphosphine, as shown in Figure 1.6(A). This provides a discrete 
nucleation event, followed by controlled growth at lower temperature. By 
QD size increasing 
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separating the processes of nucleation and growth, uniform NCs of various 















Figure 1.6. (A) An image of the experimental setup for producing colloidal 
quantum dots. (B) Representative TEM image of synthesized monodisperse 
CdSe nanocrystals where the HRTEM image of a single particle clearly shows 
its crystalline nature (NCs are synthesized in our lab). 
 
  The pioneering introduction of the hot injection method by Murray et al. 
opened up the field,7 which in the past decades have seen the synthesis of 
semiconductor QDs evolving significantly. Another key work by Peng and 
co-workers demonstrated that it is possible to replace pyrophoric 
organometallic precursors with less toxic metal salts.17 Following this work, a 
massive number of efforts on the synthetic development of various colloidal 
semiconductor QDs, including II-VI (CdSe, CdTe, CdS), III-V (InP, InAs) and 
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The surface of cadmium chalcogenide nanoparticles are derivatized with 
organic capping groups for surface passivation and colloidal stability in 
solvents. With various organic capping groups such as n-alkyl phosphines, 
(e.g., tri-n-octylphosphine (-TOP)), mercapto (-SH) and amino (-NH2) alkanes, 
the QDs are able to disperse in a variety of hydrophobic solvents. Consider a 5 
nm diameter CdSe nanocrystal, which has around 15% of its atoms on the 
surface. In the presence of poor surface passivation, a potentially large number 
of trap states can occur, thus resulting in non-radiative relaxation pathways for 
the charge carriers. Although organic ligands are able to bind to and passivate 
some of the atoms at the QD surface, there are still a large number of surface 
states, leading to reduced fluorescence quantum yields (QY). A better 
approach to surface passivation is the use of an inorganic shell, which is 
typically a semiconductor material with a larger bandgap and small lattice 
mismatch with the core.23 Particles passivated with inorganic shell structures 
are more robust than organically passivated dots and have greater tolerance to 
processing conditions necessary for different applications.  
 
Scheme 1.1 illustrates the cases of type-I and type-II band alignment by 
coating with different bandgaps of the shell material. In the first type, the 
bandgap of the shell material is larger than that of the core and both electrons 
and holes are confined in the core. In this case, the growth of the 
semiconductor shell can lead to effective passivation of surface non-radiative 
recombination sites, improving quantum yields (QYs), normally up to 50-70% 
and recently nearly to 100%.11 For type II QDs, the band alignment between 
the core and shell is staggered. Upon excitation of the QD, a spatial separation 
of the hole and the electron in different regions of the nanostructure occurs. 
Type II structures might be suitable for photovoltaic applications given their 
efficient separation of charge and slow excitonic recombination times. 
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So far, the synthetic development of various II-VI (CdSe/CdS, CdTe/CdSe), 
IV-VI (PbSe/PbS) and III-V (InP/GaAs) colloidal spherical core-shell 
semiconductor NCs have been reported,7,24,25 and have led to intense research 
efforts in the study of their fundamental optoelectronic properties as well as 









Scheme 1.1. Schematic representation of the energy-level alignment in 
different core/shell systems. The upper and lower edges correspond to the 




1.2. Anisotropic semiconductor synthesis 
 
  Core-shell type nanocomposite quantum dots exhibit novel properties 
making them attractive from both the standpoint of fundamental study and 
practical applications. The colloidal synthesis of spherical QDs has been well 
studied for almost two decades for their optical and electronic properties, 
while the fabrication of their non-spherical (e.g. anisotropic) counterparts is 
relatively new and interesting as it results in different shape-dependent 
physicochemical properties.26 The synthesis colloidal QDs of various sizes and 
shapes are carried out by controlling the types of precursors, concentrations, 
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temperatures and surface ligands. So far, it is generally accepted that 
surfactants such as trialkyl phosphonic acids, alkyl amines, and alkyl 
carboxylic acids play a key role in governing morphological changes of 
colloidal nanocrystals under suitable reaction conditions. The field has been 
moving toward more and more sophisticated structures such as 
multicomponent architectures of different sizes and shapes. These include rods, 
cubes, disks, stars as well as multiple branches nanostructures of various 
semiconductor materials (CdSe, CdTe, ZnS, InP and TiO2).27-32 In this thesis, 
cadmium chalcogenide based nanorod and tetrapod nanostructures will be 
elaborated on in detail.  
 
1.2.1. Nanorod synthesis 
 
  The colloidal synthesis of rod-shaped semiconductor nanostructures was 
carried out via a hot injection method similar in many respects to the synthesis 
of spherical QDs. The first wet-chemical synthesis of CdSe nanorods in a high 
boiling point organic solvent was previously reported by Peng and 
co-workers.33 Their work suggested that different ligands selectively adhering 
to specific crystal facets are intrinsically required to achieve anisotropic 
crystal growth, as illustrated in Figure 1.7, which shows growth on a 
wurtzite-based nanocrystal structure leading to nanorods. In this method, Cd 
and Se precursors were injected into a mixture of n-trioctylphosphine oxide 
(TOPO) and n-hexylphosphonic acid (HPA) at 360 oC. It was clear that for 
CdSe nanocrystals, TOPO was the solvent while the alkylphosphonic acid 
played the role of selectively adhering to specific facets along the C-axis of 
the crystal, inducing growth into elongated rod-like structures.  
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Figure 1.7. A model of wurtzite nanocrystals showing different facets. 
 
  More recently, an alternative route to fabricate monodisperse colloidal 
semiconductor nanorods was independently reported by Carbone et al. and 
Talapin et al. Their work described a seeded growth approach which resulted 
in nanorod structures which comprised of a CdSe spherical core within a 
rod-like CdS shell (known as CdSe seeded CdS nanorods).34-36 In this 
approach, CdSe cores were first synthesized and mixed with a S precursor 
before being injected into a Cd precursor containing solvent in the presence of 
surfactants n-octadecylphosphonic acid (ODPA) and HPA at elevated 
temperatures of 350 oC. This resulted in the heterogeneous nucleation of CdS 
on the CdSe seeds instead of its own homogeneous nucleation into isolated 
CdS particles. It was suggested that the alkyl phosphonic acid bound to certain 
facets of the wurtzite-CdSe (w-CdSe) seed, and by adding Cd and S 
monomers, the growth of the CdS shell was anisotropic and lead to a rod-like 
morphology. The aspect ratios obtained ranged from 1:3 to 1:30, as shown in 
Figure 1.8. Moreover, it was shown that the CdSe core was located 
asymmetrically within the CdS rod-like shell due to the fact that growth at the 
sulfur rich end of the initial CdS shell occurred faster than at the cadmium rich 
end. This is different from the case of spherical core/shell CdSe/CdS, where 
shell growth is more or less isotropic. Different compositions of 
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semiconductor nanorods were reported by the seeded growth method, such as 
ZnSe/CdS, ZnTe/CdS, CdSe/CdTe etc.34,37 These nanorods with various 











Figure 1.8. (A) Schematic illustration of seeded growth approach resulting in 
the formation of asymmetrically CdSe seeded CdS nanorod. (B)–(F) show 
CdSe seeded CdS nanorods with aspect ratios ranging from 1:3 to 1:30. Scale 
bars are 50 nm. Adapted with permission from ref. 34. 
 
1.2.2. Tetrapod synthesis 
 
  The seeded growth approach has also demonstrated much utility in the 
synthesis of monodisperse tetrapods. As discussed in the previous section, the 
use of w-CdSe cores mostly resulted in nanorod-shaped semiconductors, while 
the use of zinc blende CdSe (zb-CdSe) yields mainly tetrapods due to the 
reactive facets which support tetrapod arm growth. In particular, the seeded 
growth method utilized zb-CdSe or CdTe cores, in order to support the growth 
of four arms having the wurzite structure. For example, in the case of CdSe 
seeded CdS tetrapods, w-CdS arms are grown from the (111) facets of 
zb-CdSe cores. 
A B C 
D E F 
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Figure 1.9. (A) Schematic of the seeded approach synthesis of core shell 
tetrapods TEM images of tetrapod-shaped nanocrystals prepared by the 
seeded-growth approach. (B) CdTe/CdTe; (C) CdSe/CdTe; (D) ZnTe/CdTe; 
(E) ZnTe/CdS; Scale bars are 100 nm. Adapted with permission from ref. 38. 
 
 
Extensive efforts have been devoted in order to extend the seeded growth 
approach to different combinations of II-VI semiconductors, such as 
CdSe/CdS, CdTe/CdS, ZnTe/CdS etc., as illustrated in Figure 1.9.38 It was 
reported that the yield of uniform tetrapods was much higher than previous 
methods using polytypism within the same nanocrystal material.32 In this 
approach, the surface ligands have been demonstrated to play an important 
role in the polytypism of CdSe nanocrystals and the carboxylic acids stabilize 
the zinc blende structure rather than wurtzite. Recently, it was reported in our 
group that by controlling a combination of carboxylic and alkyl phosphonic 
ligands, different morphologies of tetrapods, such as cylindrical- and cone-like 
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1.10.39 The higher degree of control of the shape and yield of tetrapods of 
different material compositions would certainly help to improve their 













Figure 1.10. HRTEM images of zb-CdSe seeded CdS tetrapods with (A) 
cylindrical- and (C) cone-like arms. (B), (D) show the lattice fringes of one 
arm. Adapted with permission from ref. 39. 
 
 
1.3. Metal- and metal oxide-semiconductor heterostructures synthesis 
 
  Strategies for the colloidal synthesis of metal- and metal 
oxide-semiconductor nanocomposites within one entity, combining different 
materials or material classes, various sizes and morphologies have witnessed a 
lot of progress during the past decade. These colloidal nanocrystals exhibit 
multiple functionalities in terms of both electronic and optical properties, and 
have been exploited for applications as diverse as photovoltaics, electronics as 
well as catalysis.40,41 The selective growth of metal or metal oxide tips onto 
A B 
C D 
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anisotropic colloidal semiconductor nanorods and tetrapods, such as noble 
metal tipped or magnetic nanoparticle tipped semiconductor nanocomposites 
have been demonstrated to serve as electrical contacts within a device or as 
chemical anchor points for self-assembly.42 
 
1.3.1. Deposition of nanorods and tetrapods with gold nanoparticles 
 
  So far, a large number of efforts on the deposition of Au on colloidal 
semiconductor nanomaterials such as CdS nanorods, CdSe and CdSe seeded 
CdS nanorods and tetrapods have been reported.43-45 The deposition of Au 
nanoparticles has mostly been studied in organic solvents. Gold precursor such 
as AuCl3 is usually used, and alkylammounium bromide and dodecylamine 
(DDA) are employed as the surfactant and reducing agent in the reaction, 
respectively. The Au nanoparticles typically grow at the semiconductor tips, 
and the size could be varied by adjusting the amount of reducing agent and Au 
precursor added. An early work of Mokari and co-workers introduced a facile 
method of attaching CdSe nanorods and tetrapods with Au nanoparticles.45 
Different extents of Au deposition could be achieved selectively at one or both 
tips of the nanorod (four tips for the case of tetrapod) with the increasing of 
gold precursor amount, as shown in Figure 1.11. A similar trend for the 
selective deposition of Au was also observed for CdSe seeded CdS 
semiconductor nanostructures.46 As we mentioned earlier, in wurtzite 
cadmium chalcogenide nanorods, one end is Cd rich whereas the other is S or 
Se rich, and it is reasonable to expect that the heterogeneous nucleation rates 
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Figure 1.11. (A)-(C) CdSe rods exposed to increasing amounts of AuCl3, 
resulting in larger Au tip sizes. (D) CdSe tetrapods exposed to AuCl3. Adapted 
with permission from ref. 45. 
 
  Ostwald ripening was also suggested to be a mechanism responsible for Au 
deposition occurring at only one end of a semiconductor nanorod, where all 
the monomers have been depleted during growth under heating conditions, the 
less thermodynamically stable nanoparticles dissolve and re-deposit onto the 
most stable ones. In this work, Banin and co-workers demonstrated that 
electrons from the dissolution of the smaller Au particle along the nanorod 
were transferred to the larger Au particle tip at the end of the nanorod by 
hopping over surface states. This resulted in CdSe nanorods with one tip Au 
domains, as illustrated in Scheme 1.2.47 A similar mechanism was also 
observed for CdSe seeded CdS tetrapod systems.39 This electrochemical 
Ostwald ripening process basically allows for the growth of the largest Au 
domain on one tip at the expense of others. 
A B 
C D 
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Scheme 1.2. Schematic of the ripening process in which matchstick-like 
Au-CdSe nanorods are obtained from a dumbbell-like Au-CdSe morphology. 
Adapted with permission from ref. 47. 
 
  A mechanism involving the photoinduced growth of a single large Au 
domain on a semiconductor nanorod tip has recently been reported.48 In this 
scenario, charge carriers generated in a CdS semiconductor nanorod are 
separated at the Au/CdS interface. Electrons are transferred to the Au tip (the 
Fermi level of Au lies below the conduction band of CdS) which in turn 
reduces Au cations in the solution. This causes the Au tip to grow to very large 
sizes which were previously inaccessible by non-photoinduced means. The 
holes which remain in the CdS nanorod are eventually quenched by hole 
scavengers in the solvent bath (e.g. ethanol).  
 
1.3.2. Deposition of nanorods with platinum particles 
 
  Recently, the research groups of Banin, Alivisatos, and Mokari have 
reported platinum (Pt) deposition on CdSe, CdS, and CdSe seeded CdS 
nanorods, respectively.49-51 Pt particle deposition on semiconductors can be 
achieved by the reduction of the Pt precursor either in a pH controlled aqueous 
phase or in the organic phase, with or without UV illumination. For the 
aqueous phase reactions which were reported by Banin and co-workers,49 Pt 
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deposition was found to be sensitive to the pH of the solution, resulting in 
Pt-deposited nanonets at acidic pH. The resulting particle sizes could be tuned 
from 1.9 nm to 3.3 nm, as illustrated in Figures 1.12(A) and (B). In this case, 
Pt islands were deposited randomly across the CdSe nanrod surface, which is 
significantly different from the site selective deposition of Au particles 
mentioned earlier. On the contrary, for the synthesis in the organic phase, Pt 
deposition on cadmium chalcogenides can be obtained by using either special 
organometallic Pt precursors with UV illumination or at relatively high 
temperature.51,52 With photoreduction of the Pt precursor, deposition on CdS 
or CdSe seeded CdS nanorods occur mainly at sites of surface defects. For 
example, Pt growth in the organic phase with the assistance of UV 
illumination at 366 nm showed only a few Pt islands on locations with surface 
defects or sites with incomplete passivation of CdS nanorods, as illustrated in 
Figure 1.12(C).51 However, by employing relatively high reaction 
temperatures, Mokari and co-workers showed selective growth of Pt particles, 
from 4.3 nm to 5.7 nm, on one tip or both tips of CdS nanorods by increasing 
the concentration of Pt precursors in the presence of mild reducing agents. The 
same group showed that by adding Ni or Co precursors, the possible formation 








Figure 1.12. TEM images of Pt growth on CdSe nanorods at different pH 
aqueous solutions (A) at pH=7, (B) at pH=4. (C) Pt deposition with the 
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1.3.3. Deposition of nanorods with other metal or metal oxide particles 
 
  As mentioned before, the fabrication of metal-semiconductor 
heterostructures potentially allow different functionalities to be incorporated 
into a single entity. Other than noble metal candidates such as Au and Pt, 
researchers have also devoted a lot of efforts to the deposition of other 
materials. One example is the combination of semiconductors with magnetic 
particles to exhibit fluorescent-magnetic properties.  
 
  Deka and co-workers reported Co deposition on CdSe seeded CdS nanorods, 
resulting in matchstick-like nanostructures in which Co was selectively 
located at the S-rich end of the nanorod.53 The structures exhibited 
ferromagnetic-like behavior at room temperature and an appreciable amount 
of quantum yield, at around 3%, which is one of the highest reported at the 
time for colloidal semiconductor/magnetic metal heterostructures. Such 
structures that combine both magnetic and fluorescence properties may 
potentially be useful for biomedical applications, such as dual imaging 
(fluorescence, MRI) and analytical separations.  
 
While examples of the deposition of different metals on CdSe, CdS or CdSe 
seeded CdS nanorods are numerous, perhaps less explored is the deposition of 
metals on semiconductor nanorods such as titanium dioxide (TiO2). This may 
be due to the fact that the level of synthetic control over the morphology and 
size distribution of TiO2 nanorods is not as high as their Cd chalcogenide 
counterparts. Notable contributions to functionalized TiO2 with a secondary 
material may be attributed to Cozzoli’s group for the deposition of ɛ-Co onto 
anatase TiO2 nanorods, and γ-Fe2O3 onto brookite TiO2 nanorods.54,55 All these 
efforts give the remarkable utility of titanium dioxide itself in diverse 
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applications such as photocatalysis and solar cells. 
 
1.3.4. Photocatalytic properties of metal- or metal oxide-semiconductors 
 
  Photocatalysis has been suggested as a potentially important application of 
metal- or metal oxide-semiconductor nanoheterostructures. This is based on 
the fact that under photoexcitation, they allow for the creation of excitons in 
the semiconductor moiety, which can separate at the metal-semiconductor or 
metal oxide-semiconductor interface. This results in a charge (electron or hole) 
being transferred to the metal or metal oxide tip, which can facilitate 
photocatalytic reactions such as H2 generation, dye degradation, and CO2 
reduction.56-59  
 
The selective growth of Au, Pt or iron oxide nanoparticles onto the tips of 
semiconductor nanorods have been reported to increase the efficiency of 
photocatalytic reactions due to the enhancement of charge separation at the 
metal-semiconductor interface which minimizes the possibility of 
recombination of excited carriers.60 Therefore, metal-semiconductor 
nanostructures exemplify an architecture in which to systematically vary the 
spatial arrangement of various semiconductor and metal components on the 
nanoscale, providing a platform for exploring a wide range of chemical 
reactions that can be photocatalyzed. Early in 2008, Banin’s group reported 
the photocatalytic degradation of an organic dye with Pt and Au decorated 
CdSe nanorods.49,61 Additionally, combinations of semiconductors such as 
TiO2 with iron oxide can result in hybrid structures with both magnetic and 
photocatalytic properties, leading to significantly modified physicochemical 
behavior.57 Recently, in the context of hydrogen production, Alivisatos and 
co-workers produced Pt deposition on CdSe seeded CdS nanorods with 
Chapter 1: General Introduction 
- 21 - 
 
different combinations of core sizes and rod lengths.52 It was observed that 
either increasing the length of the CdS rod or using smaller CdSe cores 
resulted in improved photocatalytic efficiencies. This may due to the fact that 
the intriguing interplay among charge dynamics in the core, shell and metal 
tips affects on photocatalytic efficiency. The mechanism of hydrogen 









Scheme 1.3. Schematic of the hydrogen generation process. 
 
 
1.3.4. The challenges of metal- or metal oxide-semiconductors synthesis 
 
  To date, a number of synthetic routes for various metal- and metal 
oxide-semiconductors hybrid nanostructures have been published as discussed 
in the previous section. The different combinations are achieved depending on 
the affinity between the metal or metal oxide precursors and the 
semiconductor surface, as well as minimizing homogeneous nucleation 
chances of the metal or metal oxide so that heterogeneous nucleation on the 
semiconductor nanostructure is favored. These criteria not only limit the range 
of metals that can be deposited onto a given semiconductor, but also the 
topological selectivity of the metal or metal oxide deposition sites along the 
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semiconductor. By using metal-tipped cadmium chalcogenide nanorods as a 
starting structure with UV illumination, electrons can be transferred to the 
metal tip, allowing for a wider range of metals and metal oxides that can be 
reduced and subsequently deposited on the metal tip. This novel strategy will 
be elaborated in detail later on in this thesis. 
 
  It was mentioned earlier that metal-semiconductor nanocomposites such as 
Pt deposited cadmium chalcogenide systems to be utilized in the 
photocatalytic reduction of water into hydrogen has been well studied recently. 
The fabrication of such Pt-derivatized semiconductor nanostructures was made 
possible by recent advances in solution-phase synthesis which introduced new 
methods of controlling the size and shape of hybrid Pt tipped semiconductors, 
as discussed in previous sections. However, in order to improve the 
photocatalytic efficiency, it is necessary but not always possible to produce a 
high surface coverage of Pt particles all across semiconductor surfaces as well 
as circumvent agglomeration between semiconductor particles during this 
process. In this thesis a robust methodology for the aggregation-free aqueous 
phase synthesis of Pt decorated semiconductor heterostructures will be 
discussed. 
 
1.4. Chemical transformation of nanostructured materials 
  
  In conventional nanomaterial synthesis, it is difficult to simultaneously 
control the size, morphology, structure and chemical composition.62,63 
Chemical transformation of existing nanostructures from one material into 
another may allow independent control over these parameters in a simple and 
straightforward way, which is advantageous compared with the approach 
based on conventional colloidal syntheses.64,65 In contrast to their bulk solid 
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counterparts, chemical transformation in nanoparticles, which have large 
surface to volume ratios, can be very fast due to the relatively low activation 
energy for the diffusion of reactant ions.66 In order to generate nanomaterials 
with more controllable structures, morphologies and chemical compositions, 
recent research has shown an intense amount of effort in exploring chemical 
transformation reactions, which can be divided into the categories such as 
alloying, replacement reactions (galvanic replacement), cation exchange and 
anion exchange. In the paragraphs following this section, an overview of 
cation exchange in semiconductor materials will be discussed in terms of 
reaction conditions and selection of material compositions. 
 
 
1.4.1. History of cation exchange in semiconductor nanostructures 
 
  Cation exchange reactions in inorganic semiconductor nanostructures have 
been demonstrated to be very useful for transforming from one ionic 
nanomaterial to another. In this process, the sublattice of cations in one 
nanocrystal can be replaced with a new cation while preserving the 
crystallographic sites within the materials. This is made possible by the fact 
that the anions serve as the structural framework that does not change during 
the cation exchange process. Therefore, the cation exchange process can result 
in a new generation of materials with very complex composition while almost 
preserving the starting material’s size and shape. 
 
  Pioneering work by Weller and co-workers in early 1994 showed that cation 
exchange reactions in CdS nanocrystals led to layered CdS/HgS/CdS 
nanostructures.67 Since then, efforts to further understand factors such as the 
thermodynamic driving force and kinetic activation barrier for cation 
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exchange reactions in nanocrystals including nanospheres, nanorods, tetrapods 
as well as nanowires have been extensively studied.68-70 The solubility of the 
cations in the starting material and volume change associated with the reaction 
are very important criteria for whether the cation exchange reactions occur in a 
specific nanocrystal. An effective method to turn a thermodynamically 
unfavorable reaction to favorable one is to select ligand complexation in order 
to increase the solubility of the product salt. Key work by Alivisatos and 
co-workers showed both cation exchange from CdE to Ag2E (E=S, Se, Te) 
nanocrystals of spheres or tetrapods and back exchange reactions from Ag2E 
to CdE can occur in the presence of complexing molecules (tributylphosphine 












Figure 1.13. (A) Schematic showing the cation exchange between CdSe and 
Ag2Se. (B–D) TEM images of the initial CdSe nanocrystals, Ag2Se derived 
via a forward cation exchange reaction (C), and CdSe nanocrystals recovered 
using a reverse cation exchange reaction (D). (E–G) TEM images of the initial 
CdTe tetrapods (E), Ag2Te tetrapods produced from cation exchange of CdTe 
(F), and CdTe recovered through a reverse cation exchange reaction (G). 
Adapted with permission from ref. 71. 
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Subsequently, Son and co-workers demonstrated that volume changes that 
occur in the nanocrystal during cation exchange can affect the final 
morphologies of the products resulting from the transformation of CdE to 
MxEy (E=S, Se, Te; M=Pd, Pt).72 They showed that some of the final products 
underwent small volume changes while some suffered large volume expansion 
which resulted in fragmentation. Recent work by Jeong and co-workers who 
adopted similar approaches from both the Alivisatos and Son groups showed 
that Ag2Te nanowires can be transformed into MTe (M=Cd, Zn, Pb) nanowires, 
accomplished with the presence of a complexation ligand for the first step 
(Ag2Te-MTe), followed by a large volume expansion in the second step 
(MTe-PtTe2).73 Moreover, Manna’s group provided a synthetic route to convert 
CdSe nanospheres and nanorods with different crystal structures into Cu2Se 
and then into ZnSe while preserving the overall morphology and size of the 
starting particles.74 They exploited the material systems for fabricating 
nanostructures in phases which are not easily accessible by direct chemical 
synthesis. 
   
  The partial cation exchange of semiconductor materials has been considered 
as an approach to synthesize semiconductor heterostructures comprising of 
spatially segregated components of different composition. In the Alivisatos 
group, the partial cation exchange of CdS nanorods into CdS-Ag2S nanorod 
superlattices or CdS-Cu2S binary nanorods was achieved by controlling the 
ratios of Ag and Cu precursors with respect to the CdS nanorods.75,76 They 
observed different cation exchange mechanisms between Ag cations and Cu 
cations due to various formation energies: Ag2S particles from the exchange 
process were arranged periodically on CdS nanorods while Cu2S was 
epitaxially attached to the end of CdS nanorods. In addition, partial cation 
exchange can also be used to make Pd4S-CdS heterostructures, as reported by 
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Banin and co-workers through a high-temperature reduction.77 This new 
hybrid nanostructure was used to carry out the photoreduction of water via a 
photoinduced charge separation mechanism. 
 
1.4.2 Challenges in cation exchange reactions 
 
   Complex shaped semiconductor nanoparticles can be achieved by either 
complete or partial cation exchange from a single component semiconductor 
as a starting material, which was discussed in the previous section. However, 
when metal-deposited semiconductor nanostructures (e.g. Au attached CdSe 
seeded CdS) undergo cation exchange, the metal particles tend to fall off the 
semiconductor, thus losing any functionality afforded by the metal 
nanoparticle. In order to solve this problem, a robust and straightforward 
methodology will be addressed in this thesis. 
 
 
1.5. Shape controlled synthesis of metal and metal oxide nanostructures 
 
  In the previous sections of this chapter, the preparation of semiconductor 
nanocrystals (e.g. CdSe, CdS) with hierarchically complex structures has been 
elaborated on. Such structures have yielded unique optoelectronic properties 
which can be promising for applications involving nanoscale transistors, solar 
cells and photocatalysts. Aside from semiconductor materials, there has been 
tremendous progress over the past decades in the synthesis of plasmonic-metal 
nanocrystals (e.g. Au, Ag etc.) and magnetic nanomaterials (e.g. iron oxide, Co 
etc.) of various sizes and shapes beyond isotropic spheres with good yield and 
monodispersity.78-83 The controlled synthesis of noble metal nanocrystals has 
allowed for systematic investigation of their shape-dependent optical 
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properties,84,85 while the preparation of magnetic nanoparticles with 
anisotropic shapes opened new avenues in technological applications like 
magnetic resonance imaging (MRI), drug delivery and hyperthermia-based 
treatment.83 
 
1.5.1. History of shape controlled synthesis of metal and metal oxide 
nanostructures 
 
Anisotropic gold nanostructures synthesis: 
  Seed-mediated growth is one of the key approaches to synthesize large 
varieties of shape controlled gold nanoparticles. Indeed, a vast majority of 
current reports on shape control in these systems typically describe a two-step 
process, starting with a uniform and spherical seed generation step, and 
followed by a slow growth step in the presence of mild reducing agent and 
proper surfactants, as illustrated by Scheme 1.4. For gold nanorod synthesis, 
seed-mediated growth by far been the most efficient and popular method. 
Early work from Murphy and co-workers showed that by using penta-twinned 
gold nanoparticles as seeds and careful choices of experimental conditions, 
gold nanorods with aspect ratios ranging from 4.6 to 18 could be obtained.86 
Subsequently, Pérez-Juste et al. demonstrated that shorter nanorod aspect 
ratios from 1 to 6 could be produced with a relatively lower temperature and 
surfactant concentration.87 Other anisotropic gold nanoparticles have also been 
reported during the past decade, including triangular and hexagonal plates, 
whose sharp edges may facilitate large localized electric field gradients under 
illumination.88,89 Another significant group of gold nanoparticles are 
branch-shaped nanostructures, which generate interesting shape-dependent 
surface plasmon resonance that can potentially be used for bio-applications. 
However, these particles are obviously difficult to synthesize and reproduce, 
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since gold exhibits a highly symmetric, face-centered cubic (fcc) structure, 
there are substantial difficulties to form branch-shaped structures because of 
the similar surface free energies for each facet. To date, Sau et al. and Zou et 
al. have proposed the synthesis of branched gold nanoparticles by varying the 
gold seed and amount of reducing agent (e.g. citrate).90,91 More recently, Han 
and co-workers presented a well-defined gold nanocross with the introduction 
of copper ions.92 As compared to the absorption band of spherical gold 
nanparticles, the peak of branched gold structures showed much more red 







Scheme 1.4. Schematic illustration for two-step growth of gold anisotropic 
nanostructures. Adapted with permission from ref. 90. 
 
Anisotropic magnetic nanostructures synthesis: 
  A number of different compositions and phases of magnetic nanoparticles 
have been reported, including metal oxides (Fe3O4, γ-Fe2O3), pure metals (Fe, 
Co) as well as alloys (CoPt3, FePt).93-97 During the last few years, numerous 
publications have described efficient synthetic routes to shape-controlled, 
highly stable and monodisperse magnetic nanoparticles. The thermal 
decomposition of organometallic compounds in a high-boiling organic solvent 
in the presence of certain stabilizing surfactants has proven to be a good 
method for preparing high-quality, colloidal magnetic nanomaterials. 
Alivisatos and co-workers demonstrated the synthesis of cobalt nanodisks by 
thermal decomposition of a cobalt precursor.30 Chaudret and co-workers 
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demonstrated the synthesis of cobalt nanorods and nickel nanorods at high 
temperature via the use of a mixture of hexadecylamine and a fatty acid.98,99 
The aspect ratios of the cobalt nanorods were tunable by selecting different 
acids. On the other hand, Cozzoli and co-workers described a colloidal method 
for the synthesis of monocrystalline iron oxide tetrapods with different arm 
diameters and lengths by varying the amount of iron precursor undergoing 
thermal decomposition.100 By tuning the geometry and obtaining different 
shape anisotropies, magnetic nanoparticles have been shown to exhibit 
unusual shape-dependent magnetic properties at the nanoscale. 
 
 
1.5.2 Challenges in shape controlled synthesis of metal and metal oxide 
nanostructures 
 
  It is only in the past decade that significant progress towards the synthesis 
of shape-anisotropic particles has been achieved for both colloidal gold and 
iron oxide. In the previous section, a summary of some of the emerging 
protocols for shape control have been discussed to aid in the understanding of  
this important advance in nanomaterial science. However, the high yield 
synthesis of complex structures such as tetrapod-shaped nanocrystals poses a 
big challenge. Unlike the synthesis of semiconductor nanomaterials, the 
synthesis of branched gold and iron oxide nanoparticles is considerably less 
developed. In a later chapter of this thesis, methodologies will be presented 
which show that gold and iron oxide nanotetrapods with good colloidal 
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1.6. Thesis outline 
 
  Chapter 2 explores a facile approach for the selective deposition of metals 
on Au-tipped CdSe-seeded CdS nanorods that exploit the transfer of electrons 
from CdS to the Au tips upon UV excitation. This light-induced deposition 
method was used for the deposition of Pd under mild conditions, which 
produced a Pd-Au alloyed tip while preserving the rest of the semiconductor 
nanoarchitecture. The highly site-selective deposition method was extended to 
the deposition of Fe, yielding monodispersed, structurally complex Au 
core/FexOy hollow shell-tipped semiconductor nanorods. These structurally 
well-defined rods were found to exhibit magnetic functionality. The synthetic 
strategies described in this chapter expand on the range of metals that can be 
deposited on heterostructured semiconductor nanorods, opening up new 
avenues for the hierarchical buildup of structural complexity and therefore, 
multifunctionality in nanoparticles. 
 
  In Chapter 3, a novel and robust methodology is introduced for the 
aggregation-free aqueous-phase synthesis of hierarchically complex 
metal−semiconductor heterostructures. By encapsulating semiconductor 
nanostructures within a porous SiO2 shell with a hollow interior, each 
individual particle was isolated while allowing it access to metal precursors 
for subsequent metal growth. Furthermore, Pt deposition on CdSe-seeded CdS 
tetrapods was introduced, which was found to be facilitated via the surprising 
formation of a thin interfacial layer of PtS coated onto the original CdS 
surface. This unique architecture is utilized to perform cation exchange 
reactions with Ag+ and Pd2+, thus demonstrating the feasibility of achieving 
such transformations in complex metal−semiconductor nanoparticle systems. 
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  Chapter 4 addresses the formation of silica-encapsulated, anisotropic 
hollow iron oxide nanoparticles with branched morphology via a 
template-assisted Kirkendall effect. This was achieved via the use of ultrathin 
PtS as a template, which was found to facilitate the heterogeneous nucleation 
and growth of iron at relatively low temperature. Oxidation of the branched 
iron nanoparticle under mild conditions produced a hollow interior which 
preserved the shape of the original template with remarkably high precision. 
Aside from high surface to volume ratios, the hollow iron oxide nanostructures 
exhibited exceptional colloidal stability and good superparamagnetic 
properties. 
 
  In Chapter 5, a method which used to derive well-defined gold tetrapods 
with silica encapsulation through wet-chemistry template growth is discussed. 
PtS templates were found to act as a multiple nucleation sites due to the 
affinity between Pt and Au, as well as a growth template to derive gold 
product exactly follow the host material’s morphology. The extinction 
spectrum shows the plasmon band red shifted to 752 nm comparing with 
spherical counterparts, which displays shape-dependent surface plasmon 
resonances. In addition, monochromated electron energy loss spectroscopy 
(EELS) technique is used to measure EELS spectra at different position of an 
individual gold tetrapod nanostructure and map plasmon fields within 
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Heterostructured hybrid metal-semiconductor nanostructures are greatly 
desired since they potentially combine optical, electronic and/or magnetic 
properties within a single architecture and show promise in applications such 
as photocatalysis1 and directed self-assembly.2-4 To date, numerous examples 
of such structures have been reported, such as Co-CdSe,5 Co-CdSe/CdS,6 
Co-TiO2,7 Au-CdSe,8 Au-CdSe/CdS,9 Pt-CdS10 and Au-PbS,11 to name a few. A 
common strategy to deriving such structures is to first synthesize the 
semiconductor nanoparticle before proceeding with heterogeneous nucleation 
and growth of the metal counterpart via a relatively mild deposition process. 
Depending upon the affinity of the metal for the semiconductor surface, 
minimizing homogeneous nucleation of the metal precursor and/or Ostwald 
ripening of the semiconductor particle during the deposition process can be 
difficult, which limits the range of metals that can be deposited onto a given 
semiconductor. Here an alternative approach is demonstrated by using 
metal-tipped semiconductor nanorods as the starting structure, where the metal 
tip serves as the heterogeneous nucleation site for subsequent deposition of a 
different metal. Using Au-tipped CdSe seeded CdS nanorods as our exemplary 
model, Pd can selectively be deposited onto the Au tips of the nanorods under 
relatively mild reaction conditions, thus preserving the size and shape 
monodispersity of the starting rods. This strategy is extended to the deposition 
of Fe, successfully obtaining core-shell Au-FexOy-tipped CdSe seeded CdS 
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Synthesis of spherical CdSe seeds 
Synthesis of monodispersed CdSe NCs proceeded based on a previously 
reported procedure with slight modifications12. A mixture bath of 9 g 
trioctylphosphine oxide (TOPO 90%), 6 g 1-hexadecylamine (HDA) and 0.25 
ml of Diisooctylphosphinic acid (DIPA) was degassed at 100 °C for 1.5 h. A 
precursor solution comprising of 317 mg Cd(acac)2 and 567 mg 
1,2-hexadecanediol (HDDO) in 6 mL of 1-octadecene (ODE) was degassed at 
120 °C for 1.5 h, followed by addition of 4 mL of 1.5 M trioctylphosphine 
(TOP) selenide at room temperature. The precursor solution was then rapidly 
injected into the bath at 360 °C and allowed to cool to 80 °C. As-synthesized 
CdSe QDs were subsequently processed by 3-4 cycles of precipitation in a 
butanol/ methanol mixture and re-dispersion in hexane for further use. 
 
Preparation of stock solution of CdSe QDs 
 Processed CdSe QDs were dispersed in a minimum amount of hexane and 
their concentration was determined by measuring their absorbance at 350 nm, 
whose molar absorption coefficient is known13. The hexane was then removed 
under vacuum and TOP was added to make up a QD concentration of 400 μM. 
This mixture will subsequently be referred to as the CdSe stock solution. 
 
  Synthesis of CdSe seeded CdS heterostructured nanorods 
  3 g TOPO (99%), 93 mg CdO, 290 mg n-Octadecylphosphonic acid (ODPA) 
and 80 mg n-hexylphosphonic acid (HPA) are mixed in a 50 mL three-neck 
round bottled flask (RBF) and degassed at 150 °C for about 1.5 h. The 
reaction mixture was then heated to 360 °C under N2 atmosphere. Separately, 
a mixture of S, TOP and CdSe seeds was obtained by first dissolving 120 mg 
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S in 1.8 mL TOP at 50 °C before adding 200 μL of the prepared CdSe stock 
solution. Upon reaching the desired temperature, 1.8 mL TOP was added, and 
the temperature was allowed to recover to 360 °C before the mixture of S, 
TOP and CdSe was swiftly injected. The temperature was again allowed to 
recover to 360 °C and the anisotropic shell was grown at this temperature for 
about 6-8 min. The heating mantle was then removed and the solution was 
allowed to cool to 80 °C. As-synthesized CdSe seeded CdS nanorods (NRs) 
were then processed by repeated cycles of precipitation in methanol (MeOH) 
and re-dispersion in toluene. The concentration of the processed CdSe seeded 
CdS NRs were determined using a published molar extinction coefficient at 
350 nm.  
 
  Gold, Palladium stock solution 
  For the Au stock solution, 48 mg of AuCl3 (0.16 mmol) and 88 mg of 
tetraoctylammonium bromide (TOAB) (0.16 mmol) were dissolved in 5 mL of 
toluene. The suspension was sonicated for 5 minutes at room temperature until 
a dark red solution was obtained. This mixture will be referred to as Au stock 
solution(1). The mixture was then further diluted by a factor of 32 in toluene 
and will subsequently be referred to as Au stock solution(2). For the Pd stock 
solution, 10 mg of PdCl2 (0.06 mmol) and 52 mg of TOAB (0.076 mmol) 
were dissolved in 5 mL of toluene. The suspension was stirred at room 
temperature overnight until a dark red clear solution was seen. This mixture 
will be referred to as the Pd stock solution  
 
  Preparation of Au-tipped NRs  
  Matchstick-like structure  
In a 10 mL flask, 1 mL of Au stock solution(2) and 1 mL of a 0.15 M 
dodecylamine (DDA) toluene solution were mixed and sonicated at room 
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temperature for 15 min to give a light yellow solution. In a separate vial, a 
mixture comprising of 0.5 ml of a solution of CdSe seeded CdS NRs (~ 50 μM) 
and 12 mg of ODPA was prepared. This mixture was then rapidly delivered 
into the solution containing the Au precursors and stirred vigorously under N2 
at room temperature. The reaction was allowed to proceed for a fixed amount 
of time, typically 20 min and then quenched with 2.5 mL of MeOH. After 
purification with MeOH, the final solution was diluted 10 times in toluene for 
use. 
 
  Dumbbell-like structure 
In a 10 mL flask, 0.1 mL of Au stock solution(1), 0.9 ml of toluene and 1 
mL of a DDA toluene solution (0.15 M) were mixed and sonicated at 40 oC for 
15 min to give a light yellow solution. In a separate vial, a mixture solution 
comprising of 0.5 ml of a solution of CdSe seeded CdS NRs (~ 50 µM) and 12 
mg of ODPA was prepared and then rapidly delivered into the Au solution 
with vigorous stirring at 90 oC. The reaction was allowed to proceed for a 
fixed amount of time, typically 6 h and then quenched with MeOH. 
Re-dispersion in 0.5 ml toluene and this solution will subsequently be referred 
to be stock solution. 
 
  Deposition of Pd on matchstick-like Au-tipped NRs and control 
experiments  
  In a 10 mL vial, 0.25 mL of Pd stock solution and 0.25 mL of a 0.15 M 
DDA toluene solution were mixed and sonicated at room temperature for 15 
min to give a pale colored solution. In a separate vial, a mixture solution 
comprising of 0.5 ml of match-like Au-tipped NR solution (~ 5 μM) and 6 mg 
of ODPA was prepared. This mixture was then added into the Pd solution. 
And 0.1 mL ethanol was dripped afterwards. A UV lamp (4 W, λ=365nm) was 
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held at a fixed distance to the reaction vial, yielding an approximate excitation 
intensity of 0.11 W/cm2 as measured by a power meter. The reaction solution 
went on at room temperature under ambient atmosphere for a fixed amount of 
time, typically 1 h. The reaction was finally quenched with 1 mL of MeOH 
and processed at least two times before characterization.  
 
Control (1): using free Au nanoparticles 
In this control experiment, free gold nanoparticles with a diameter ~6 nm were 
used instead of Au-tipped nanorods while all other conditions were kept the 
same.  
 
Control (2) : using CdSe seeded CdS bare nanorods 
In this control experiment, CdSe seeded CdS nanorods without Au attachment 
were used while all other conditions were kept the same.  
 
Control (3) : Au-tipped NRs without UV irradiation 
In this control experiment, matchstick-like Au-tipped NRs were used while all 
other conditions were kept the same, with the exception that no UV excitation 
was employed.  
 
  Deposition of Fe on dumbbell Au-tipped NRs and control experiments  
  0.5 mL of ~50 µM Au NR stock solution, oleylamine (OLAM), oleic acid 
(OA) and HDDO were co-dissolved in 6 mL ODE in a 25 mL three-neck flask. 
The mixture was degassed under vacuum for 1.5 h at 80 oC, after which it was 
heated under N2 to 95 oC. Subsequently, 0.1ml of 0.1-1.0 M Fe(CO)5 in ODE 
was rapidly injected into the above-mentioned three-neck RBF containing the 
Au-tipped NRs. The flask was then put in a UV reactor (350 nm, 350 W) for 1 
h. Finally, the solution was exposed to air for approximately 30 min. to 
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facilitate complete oxidation of the iron, and then processed via 3-4 cycles of 
dispersion/precipitation using a toluene/butanol-methanol mixture. An 
optimized molar ratio of ligands oleylamine: oleic acid: HDDO was found to 
be 2.35: 1: 1.85.  
 
Control (1): using free Au nanoparticles 
Employing the same Fe deposition conditions, Au nanoparticles with a 
diameter ~6 nm instead of Au-tipped NRs were used.   
 
Control (2): using bare CdSe seeded CdS NRs 
Employing the same Fe deposition conditions, bare NRs were used instead of 
Au-tipped NRs.  
 
Control (3): Au-tipped NRs without UV irradiation 
Employing the same Fe deposition conditions, Au-tipped NRs were used, with 
the exception that no UV excitation was utilized.  
 
TEM characterization: 
  A JEOL JEM 1220F (100 kV accelerating voltage) or JEOL 2010 and 3010 
(200 kV accelerating voltage) microscope was used to obtain bright field TEM 
and HRTEM images of the nanoparticles respectively. For TEM 
measurements, a drop of the nanoparticle solution was placed onto a 300 mesh 
size copper grid covered with a continuous carbon film. Excess solution was 
removed by an adsorbent paper and the sample was dried at room temperature. 
The High-Angle Annular Dark Field Scanning-TEM (HAADF-STEM) studies 
and detailed elemental analysis were carried out on a FEI Titan 80-300 
electron microscope operated at 300 KV, which is equipped with an electron 
beam monochromator, an energy dispersive X-ray spectroscopy (EDX) and a 
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Gatan electron energy loss spectrometer. The probing electron beam size for 
the EDX measurement was around 0.3 nm with a dwell time of 30 seconds.   
 
Optical characterization: 
UV-visible absorption spectra were obtained with an Agilent 8453 
UV-Visible spectrophotometer. Care was taken to ensure that the 
concentrations of the various nanostructures were sufficiently dilute to avoid 
contributions from re-absorption or energy transfer. 
 
Magnetic measurements 
  The magnetic properties of the samples were investigated by SQUID 
magnetometry, normalizing the results to the iron oxide mass in the samples. 
Measurements of static magnetization and hysteresis behavior were performed 
with a Quantum Design MPMS XL SQUID magnetometer. Zero-field-cooled 
(ZFC) magnetization curves were measured by cooling samples in a zero 
magnetic field and then increasing the temperature under an applied field of 1 
KOe. Field-cooled (FC) magnetization curves were recorded during cooling of 
the samples under the same field of 1 KOe. The field dependence of the 
magnetization (hysteresis loop) was recorded at 10 K and 300 K. The 
saturation magnetization (MS) values were derived from corresponding plots 
of M versus 1/H by extrapolation of the M values corresponding to 1/H at 0. 
 
Electron Energy Loss Spectroscopy measurements 
All electron energy loss spectroscopy (EELS) measurements were 
performed on a Titan TEM at TEM imaging mode with an energy resolution 
of 0.8 eV and dispersion of 0.02 eV/channel. The acquisition time for each 
spectrum was 5 s and the collection angle of the transmitted beam was 5.9 
mrad. 8 to 10 spectra acquired at different areas on the TEM grid for each 
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sample were analyzed. 
 
2.3. Results and Discussions 
 
Among the various anisotropic shapes of metal-semiconductor 
nanostructures fabricated, metal-tipped semiconductor nanorods are 
particularly interesting because the long axis of the rod naturally provides a 
directed path for charge transport,14 and it has been shown in the case of 
Au-tipped CdSe seeded CdS nanorods under UV excitation that the electrons 
from the CdS rod-like shell migrate to the Au tip while leaving the hole behind. 
This in turn was found to facilitate the growth of large Au domains at the rod 
tips via a photoreduction process.15 It was surmised that given the transfer of 
the electron to the Au tip, redox processes would be enhanced at its surface, 
thus potentially providing a strategy to expand the range of metals that can be 
deposited at the nanorod tips under mild reducing conditions. In order to 
investigate this hypothesis, CdSe-seeded CdS nanorods (NRs) (Figure 2.1) 
bearing Au nanoparticles at their tips with matchstick (Figure 2.2(A)) and 
dumbbell-like (Figure 2.2(B)) structures were synthesized according to a 
previously established method in which growth of an additional Au tip at the 
opposite end of the rod may be facilitated by an increase  in  the 
concentration  of  Au  precursor  added.9  Briefly, synthesis of Au-tipped 
CdSe seeded CdS NRs with matchstick-like geometry yielded monodisperse 
30 nm long rods with 2.75 nm diameter cores and Au tips about 1.4 nm in 
diameter. The processed Au-CdSe/CdS nanorods were dispersed in a toluene 
mixture containing octadecylphosphonic acid (ODPA) and exposed to a 
reddish clear solution of PdCl2, tetraoctylammonium bromide (TOAB) and 
dodecylamine (DDA) in toluene (see experimental section for details). Ethanol 
was added as a hole scavenger and the entire reaction proceeded at room 
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temperature under UV irradiation for ~ 1 hour. 
 
Figure 2.3(A) is a representative transmission electron microscope (TEM)  
image of matchstick-like 1.4 nm diameter Au-tipped NRs after Pd deposition, 
which resulted in an increase in average diameter to ~4.3 nm with Pd 
deposition occurring solely at the Au tip. No free particles of Pd were 
observed, signalling successful suppression of homogeneous nucleation events 
with respect to Pd. Continued growth of the Pd-Au spherical tip resulted in a 
progressive loss of absorption features as compared to the starting Au-tipped 
CdSe seeded CdS nanorods, as shown by UV-Vis measurements (Figure 2.4). 
High-Angle Annular Dark Field (HAADF) STEM data of a typical rod 
(Figure 2.3(B)) suggested a homogeneous material distribution at the bulbous 
tip while analysis by EDX line scan (Figure 2.3(C)) indicated the presence of 
both Pd and Au with similar distribution trends across the tip with a relatively 
consistent intensity ratio of between ~2:1 and 3:1. These measurements 
collectively suggest the formation of a random alloy of Au and Pd, which is 
surprising owing to the fact that seeded growth under such mild reducing 
conditions is expected to yield core-shell or dimeric structures.16,17  This may 
be attributed to the small size of the Au seed, which can undergo spontaneous 
alloying when exposed to metallic atoms such as Cu.18 Such tendency to form 
alloyed structures was also previously observed in Au-Pd nanoparticles less 
than 5 nm in diameter, although in that work nucleation and growth of the 
particle was proposed to take place heterogeneously via a Pd seed.19 It should 
be noted that in the absence of the Pd precursor, Au-tipped rods under 
exposure to UV did not show any appreciable increase in size, indicating that 
Ostwald ripening effects within our experimental conditions employed were 
insignificant and an increase in the tip diameter could be ascribed mainly to 
the addition of Pd. High resolution TEM measurements illustrated in Figure 
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2.3(D) revealed a strongly discernible lattice spacing of 0.23 nm which lies 
between that of 0.235 nm for Au (111) and 0.225 nm for Pd (111), further 
substantiating the notion that the spherical tip is an alloy of Pd and Au and not 
a Au core enveloped within a Pd shell. It should be noted that a more exact 
determination of the tip composition may be achieved via the use of X-ray 
absorption spectroscopy,20 though such techniques for this present work was 

















Figure 2.2. (A) TEM image of Au-tipped CdSe seeded CdS nanorods with a 
length of ~ 30 nm, rod diameter of ~ 4.1 nm and a tip diameter of ~ 1.4 nm. 
Inset in (A) is a magnified image of a typical Au-CdSe/CdS nanorod. (B) TEM 
image of dumbbell-like Au-tipped CdSe seeded CdS nanorods. The ~3 nm 
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Figure 2.3. (A) TEM image of Pd-Au-tipped CdSe seeded CdS nanorod 
matchstick-like structures. (B) HAADF-STEM image of a typical rod, 
showing a homogeneous material composition at the spherical tip. The darker 
region within the rod is ascribed to the CdSe seed. (C) Corresponding EDX 
line scan across the spherical tip of the match-stick structure using scan steps 
of 0.3 nm. (D) HRTEM image of Pd-Au-CdSe seeded CdS rod. Discernible 
lattice spacings of 0.23 nm and 0.34 nm are attributed to the PdAu (111) plane 
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Figure 2.4. UV-Vis spectra of bare CdSe seeded CdS NRs (black), Au-tipped 
NRs (red), and Pd/Au-tipped NRs (blue).   
 
 
Our control experiments (Figure 2.5 and Figure 2.6) with free gold 
nanoparticles or bare CdSe seeded CdS nanorods alone under UV excitation as 
well as Au-tipped rods without UV illumination did not result in any 
observable Pd deposition. While a quantitative evaluation of the effects of the 
intensity of the UV excitation on the alloyed tip growth kinetics was not 
pursued in this work, a crude comparison between the excitation at a fixed 
distance from a handheld UV lamp (4 W, λexc = 365 nm) and a UV reactor 
source (350 W, λexc = 350 nm) revealed much faster tip growth in the latter. 
Appropriate control experiments were performed to ensure that the accelerated 
growth under higher excitation intensity was not simply due to thermal effects, 
further lending confidence that the reduction and subsequent deposition of the 
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Pd precursor at the Au tip was mediated via a photochemical process and not 


















Figure 2.5. (A) TEM image of control experiments for Pd deposition on bare 
Au nanoparticles under UV excitation. No Pd deposition was observed. (B) 
EDX analysis of sample (A), showing no traces of Pd present. (C) HRTEM 
image of sample, where the only discernible lattice spacings are those of Au, 
suggesting the absence of Pd. The diagram on the right in (C) is the distance 
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Figure 2.6. (A) TEM image of control experiment for Pd deposition on bare 
CdSe seeded CdS nanorods under UV excitation. (B) TEM image of control 
experiment for Pd deposition on Au-tipped CdSe seeded CdS nanorods 
without UV excitation. In both (A) and (B), no Pd deposition was observed. 
 
 
Our success with Pd deposition prompted us to extend the strategy to other 
metals which could potentially confer additional functionality. Iron was 
selected as a choice material due to the fact that it can exhibit magnetic 
properties even upon oxidation. The deposition of Fe was carried out on 
monodispersed dumbbell-like Au-CdSe/CdS nanorods about 29 nm in length 
with an average Au-tip diameter of ~ 2.8 nm. Briefly, processed Au-tipped 
rods dispersed in a mixture of octadecene, oleylamine and oleic acid were first 
exposed to Fe(CO)5 in an inert atmosphere at 95 oC under UV excitation and 
then allowed to oxidize in air. In this case, photoreduction is expected to take 
place via an iron oleate precursor, which forms readily from the reaction 
between oleic acid and Fe(CO)5.23 The resulting nanrods are depicted in 
Figure 2.7(A), which is a representative TEM image of CdSe seeded CdS 
nanorods featuring FexOy core-hollow shell structures grown exclusively at 
both its ends where the Au tips are. The high selectivity and yield of Fe growth 
on sites where only Au is present not only highlights the necessity of the latter 
material as a host substrate (as in the case with Pd deposition), but also 
A B 
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demonstrates the ability to controllably produce hierarchically complex 
















Figure 2.7. (A) TEM image of ~2.8 nm diameter core Au nanoparticles with a 
~3.3 nm thick hollow shell of FexOy exclusively at the tips of 29 nm long 
CdSe seeded CdS semiconductor nanorods. (B) HRTEM image of part of the 
core-shell tipped rod. The inset is an FFT image of the spherical tip region. (C) 
HAADF-STEM image of a typical core-shell rod, showing three distinct 
materials within the same structure. (D) EDX line scan of the spherical tip in 
the direction of the red arrow shown in (C). 
 
 
Measurements by HRTEM, as illustrated in Figure 2.7(B), showed the 
existence of a polycrystalline FexOy shell around the Au core. Fast Fourier 
Transform (FFT) analysis of the spherical tip revealed the existence of planes 
corresponding to those of Au, γ-Fe2O3, and/or Fe3O4. SAED measurements 
A B 
C D 
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(Figure 2.8) also allowed to exclude the existence of the α-Fe2O3 phase while 
Electron Energy Loss Spectroscopy (EELS) analysis suggested that the shell 
was primarily Fe3O4 with slight oxidation to γ-Fe2O3 (see Figure 2.9 and 
Table 2.1). While the HAADF-STEM image in Figure 2.7(C) provided 
further evidence for the Au-core FexOy-shell configuration, EDX line scans 
across the tip (Figure 2.7(D)) showed a compositional distribution of Au and 
Fe consistent with a core-shell structure. The formation of the polycrystalline 
hollow shell structure may be attributed to vacancies created by the outward 
diffusion of Fe during the oxidation process via a Kirkendall effect, as 
















Figure 2.8. SAED pattern of FexOy-Au-NR composite. 
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Figure 2.9. Depiction of the Fe L2,3 spectra of as-synthesized Au-FexOy 
core-shell NRs, standard samples of Fe3O4 and γ-Fe2O3 after background 
subtraction, from which it is possible to determine the Fe L2,3 white line ratio 
I(L3)/ I(L2). EELS of Fe L-edge spectra after background subtraction for FexOy 









Table 2.1. EELS analysis of the L3 and L2 white lines on the iron L edge for 
samples of FexOy-tipped nanorods, Fe3O4 and γ-Fe2O3. 
FexOy 
Fe3O4 γ-Fe2O3 
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Control experiments using bare CdS nanorods under UV excitation (Figure 
2.10(A)), Au-tipped rods without UV irradiation (Figure 2.10(B)) and free Au 
nanoparticles (Figure 2.11), resulted in homogeneous nucleation of very small 
particles of Fe at high precursor concentrations, whereas site selective 
heterogeneous nucleation was not detected at any concentration of Fe 
precursor used. It should be noted that at temperatures above 160 oC in the 
absence of UV-light, selective growth of the FexOy hollow shell at the Au tips 
could be obtained, however the majority of rods were found to have coalesced 
via the Au tips, similar to what was reported in Ref. [21][22]. The use of UV 
excitation allowed for a much milder temperature of 95 oC to be used, 
resulting in almost no coalescence between the Au tips of rods. These 
observations, along with those of the Pd system, corroborate our hypothesis 
that electron transfer from the semiconductor rod to the Au tips enhances the 











Figure 2.10. TEM images of control experiments for Fe depostion using (A) 
bare CdSe seeded CdS NRs and (B) dumbell-structured Au-tipped NRs but 
without UV irradiation. In both cases, no selective growth of FexOy at the tips 
of the NRs was observed, but homogeneous nucleation of very small particles 
of iron oxide was evident. 
  
A B 
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Figure 2.11. (A) HRTEM image of a typical Au nanoparticle after the Fe 
deposition process. The inset is the distance measurement of the lattice by line 
profiles, corresponding to those of Au(111). The corresponding selective-area 
EDX results, as shown in (B), demonstrate the presence of both Au and Fe. (C) 
Low resolution TEM image showing the presence of many small particles (< 4 
nm in diameter) on the TEM grid. (D) is the corresponding selective-area 
EDX result of (C) (where Au particles are not present), showing that the small 
particles are nuclei of Fe. 
 
  The magnetic properties of the newly synthesized heterostructures were 
investigated by Superconducting Quantum Interference Device (SQUID) 
magnetometry. Figure 2.12(A) shows the magnetization as a function of 
applied magnetic field at two different temperatures. A hysteresis loop was 
clearly seen at 10 K but disappeared when the measurements were performed 
at 300K, indicating that the Au-FexOy core-hollow shell tipped nanorods 
exhibit superparamagnetic behavior. The saturation magnetization (Ms) of 16 
emu/g is significantly lower than that of bulk γ-Fe2O3 (74 emu/g) and Fe3O4 
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(80-84 emu/g) and may be attributed to nanoscale-related surface effects such 
as canted and/or disordered spins associated with dangling bonds,24,25 which 
typically require very high fields in order to achieve saturation.26 This is 
certainly applicable in our system, as reflected by the lack of magnetization 
saturation at 10 K even at fields of 20 KOe. Additionally, demagnetization 
effects from the CdS rod in intimate contact with the hollow shell, as observed 
previously with FexOy tipped TiO2 nanorods,27 may explicate the comparably 
lower Ms compared with those of isolated spherical core-shell Au-FexOy 
nanoparticles.23 The decline in Ms from 10 K to 300 K, which is exacerbated 
as the particle size decreases,28 is reasonable given the relatively thin FexOy 
shells (~ 3.3 nm thick) on small sized Au cores (~2.8 nm diameter) obtained. 
Temperature-dependent zero field-cooled (ZFC) and field-cooled 
magnetization measurements are given in Figure 2.11(B). From the peak 
magnetization of the ZFC curve, a blocking temperature Tb of ~ 76 K was 
obtained. Below the blocking temperature, the core-shell tipped rods displayed 









Figure 2.12. SQUID measurements of Au core hollow FexOy shell tipped 
CdSe seeded CdS nanorods. (A) Field-dependent magnetization curves of the 
sample at 10 K and 300 respectively. (B) Temperature-dependent 
magnetization of the sample under field-cooled (FC) and zero-field-cooled 
(ZFC) conditions. The blocking temperature, Tb is ~76K.      
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In summary, a photochemical approach to the selective deposition of metals 
onto core seeded semiconductor nanorods by using an existing metal tip as the 
deposition site was addressed. By exploiting the fact that in Au-tipped CdSe 
seeded CdS nanorods under UV excitation, electrons from CdS migrate to the 
Au tips, deposition of metals such as Pd and Fe at the rod apexes was achieved. 
The relatively mild, UV excitation assisted metal deposition process did not 
produce any detrimental effects on the size and morphology of the 
semiconductor rods, attesting to its utility as a facile strategy for expanding the 
range of metals and potential functionalities that can be introduced to the 
heterostructured semiconductor nanorods. In this chapter, the introduction of 
Pd to form Pd-Au alloyed tips may offer enhanced catalytic properties while 
the introduction of Fe to form Au core-FexOy hollow shell tips imparted 
magnetic functionality. Facilitating the hierarchical build-up of complex 
metal-semiconductor nanocomposites, as exemplified in this work, will 
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The development of the composition and morphological control of 
multi-component hybrid nanoparticles has in recent times been an area of 
intense research, fueled by their possible relevance in applications of growing 
importance such as photocatalysis1, biological imaging2 and photovoltaics3. 
Amongst the plethora of colloidal heterostructured nanoparticles reported, 
anisotropic hybrid metal-semiconductor nanostructures are particularly 
interesting due to their potential capacity for directed or end-to-end 
assembly,4-6 enhanced electrical conductivity7 and improved charge separation 
at the metal-semiconductor interface1. To date, a wide variety of metal 
nanoparticles such as Au, Co, and alloyed Pd-Au,8-10 have successfully been 
deposited either at the tip-specific regions or throughout the surface of 
cadmium chalcogenide nanorods and branched structures. The deposition of Pt 
on CdS is particularly interesting in view of their potential utility in the 
photocatalytic reduction of water into hydrogen,11 however growth of Pt onto 
colloidal cadmium chalcogenide nanostructures requires specialized Pt 
precursors in an organic solvent at either high temperature12 or under UV 
illumination13,14. Moreover the surface coverage of Pt on the semiconductor is 
typically low, which is not optimal for photocatalysis. On the other hand 
aqueous synthetic routes employing common Pt precursors can yield a much 
higher Pt surface coverage, however the resulting particles are highly prone to 
agglomeration and stringent pH-controlled conditions are required to avoid 
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Synthesis of spherical Zinc Blend CdSe (zb-CdSe) seeds: 
Nearly monodispersed zb-CdSe nanocrystals (NCs) were synthesized via a 
previously reported method.16 In a 50 mL three-neck round bottom flask 0.3 
mmol CdO, 0.6 mmol myristic acid and 5 mL of ODE were degassed at 90 oC 
for about 1h. The solution was then heated to 250 oC for ~10-15 min to yield a 
clear solution, followed by the addition of 12 mL of ODE before cooling to 90 
oC to degas for another 1 h. Upon cooling to room temperature, 0.012 g (0.15 
mmol) of 100 mesh Se powder (99.999%) was added to the reaction mixture 
and degassed at 50 oC for ~20 min. Upon heating under N2, a colour change 
from colourless to yellow at ~150 oC and then to orange-red colour upon 
reaching 240 oC were observed, signifying the formation of zb-CdSe. A 
degassed mixture of 0.5 mL oleic acid (OA) and 0.5 mL oleylamine (OLAC) 
in 2 mL of ODE was subsequently added dropwise to the reaction mixture. As 
a guideline, the growth time for a ~4 nm diameter NC was approximately 2 h. 
As-synthesized zb-CdSe NCs were precipitated out from the growth solution 
by adding acetone, and were subsequently allowed to undergo two more 
cycles of re-dispersion and precipitation in toluene and methanol respectively. 
Processed zb-CdSe NCs were dispersed in a minimum amount of toluene and 
their concentration was determined by measuring their absorbance at 350 nm, 
whose molar absorptivity is known. The toluene was then removed under 
vacuum and TOP was added to make up a zb-CdSe NC concentration of 100 





Chapter 3: Aqueous Phase Reactions on Hollow Silica Encapsulated 
Semiconductor Nanoheterostructures 
- 66 - 
 
Synthesis of CdSe seeded CdS heterostructured nanorods and 
tetrapods: 
Tetrapod-like CdSe seeded CdS heterostructures were synthesized, with 
slight modifications, via the seeded growth approach. Briefly, 2.65 g TOPO 
(99%), 0.05175 g CdO, and a mixture of ligands (HPA 67 mg and OA 0.5 mL) 
were degassed at 150 °C for about 1.5 h in a 50 mL three-neck round bottom 
flask. The reaction mixture was then heated to 350 oC under N2, whereupon 
the solution turned from reddish brown to colorless. Separately, a mixture of S, 
TOP and CdSe seeds was derived by first dissolving 0.0065 g of S in 0.6 mL 
of TOP at 50 °C before adding 25 µL of CdSe stock solution. Upon reaching 
the desired injection temperature 350 °C, 0.9 mL TOP was added and the 
temperature was allowed to recover to 350 °C before the mixture of S, TOP 
and CdSe was swiftly injected. The temperature was again allowed to recover 
to 350 °C for the growth of CdS arms at this temperature for 10 min. The 
heating mantle was then removed and the solution was allowed to cool to 
80 °C. As-synthesized CdSe seeded CdS heterostructures were then processed 
by repeated cycles of precipitation in methanol and re-dispersion in 
cyclohexane.  
 
Silica encapsulation of CdSe seeded CdS tetrapod with hollow interior 
The synthesis procedures for the coating of semiconductor nanoparticles 
with SiO2 were adapted from a previous report with several modifications. 
Briefly, 0.2 mL Igepal CO-520 was added to 1.5 mL of cyclohexane, followed 
by the sequential addition of 5 µM of CdSe/CdS tetrapods (in 8 µL 
cyclohexane), 30 µL of aqueous ammonia (30%), 30 µL of DI water and 5 µL 
of tetraethyl orthosilicate (TEOS). Between each addition step, the reaction 
mixture was allowed to stir for ~20 min. The final mixture was then stirred 
continuously for 24 h. The resulting nanoparticles were recovered by the 
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addition of ethanol followed by centrifugation at 13000 rpm for 10 min. The 
recovered silica coated CdSe/CdS tetrapods were repeatedly rinsed with 
ethanol and finally dispersed in water. Processed silica coated CdSe/CdS 
tetrapods were dispersed in 1 mL DI water, followed by the addition of 0.1 mL 
diluted HF solution (0.5% wt). The mixture was stirred at 60 oC for ~30 min, 
and the particles were isolated by centrifugation at 13000 rpm for 10 min. The 
final product was then redispersed in water. 
 
Ligand exchange of CdSe/CdS tetrapod to facilitate transfer from 
organic to aqueous phase. 
  The procedure for the transfer of CdSe/CdS tetrapods from the organic to 
aqueous phase via the use of 11-mercaptoundecanoic acid (MUA) was adapted 
from a previous report with several modifications. Briefly, 400 pmol of 
CdSe/CdS tetrapods were dissolved in 2 mL chloroform followed by the 
sequential addition of 50 mg of MUA. The whole solution was stirred until 
MUA was totally dissolved. 1 mL of 0.1 M NaOH solution was then added to 
the tetrapod-MUA mixture, followed by vigorous stirring until a light yellow 
emulsion was formed. Separation of the aqueous and organic phase was 
subsequently achieved by centrifuging, and excess MUA was removed by 
repeated cycles of precipitation in methanol and re-dispersion in DI water. 
 
Synthesis of Pt decorated silica coated CdSe/CdS tetrapod and control 
experiments 
  For the preparation of the Pt stock solution, 13 mg of H2PtCl4•6H2O was 
dissolved in 5 mL of water, yielding a light yellow solution. Silica 
encapsulated CdSe/CdS tetrapods with a hollow interior were first dispersed in  
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1 mL water, followed by the addition of 0.2–1 mL of the Pt stock solution. The 
mixture was then heated to 60 °C and stirred for ~30 min. The solution color 
changed from light yellow to dark yellow. In order to separate the Pt-deposited 
tetrapods from possible free Pt nanoparticles, the solution was centrifuged at 
13000 rpm and the supernatant was removed. The residue was re-dispersed in 
water and then centrifuged again for a few more cycles before TEM 
characterization. 
 
Control (1) : Using bare CdSe/CdS tetrapods  
In this control experiment, CdSe/CdS tetrapods were transferred from the 
organic to the aqueous phase via ligand exchange with MUA. This was 
followed by the addition of 1mL of the 5 mM Pt stock solution. The mixture 
was then heated to 60 °C and stirred for ~2 hours. Characterization via TEM 
of the final product revealed the occurrence of severe aggregation.  
 
Control (2): Using silica coated CdSe/CdS tetrapods  
In this control experiment, silica coated CdSe seeded CdS tetrapods that were 
not exposed to a HF etching process (therefore no hollow interior) were used 
while all other conditions were kept the same. No Pt deposition was observed. 
 
Control(3): Pt precursor heating 
In this control experiment, the precursor H2PtCl6 was simply heated in 
distilled water in the absence of light. The solution turned from light yellow to 
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Etching process for preparation of hollow PtS and Pt-derivatized PtS 
tetrapods. 
  Hollow silica-encapsulated CdSe seeded CdS tetrapods exposed to a 
relatively low and high amount of Pt precursors were processed and dispersed 
in 1 mL of water, followed by the addition of 0.1mL of diluted HF (0.5%wt) 
and 0.5 mL of 0.1 M HCl. The mixture was then heated to 60 °C and stirred 
for ~1 hour. The resulting particles were then processed and re-dispersed in 
water.  
 
Synthesis of Pt-Ag2S and Pt-PdS hybrid nanoparticles and control 
experiments 
  Pt-Ag2S synthesis: Processed Pt nanoparticle-decorated CdSe/CdS 
tetrapods (achieved by using a high amount Pt precursor) encapsulated within 
a hollow silica shell were first dispersed in 1 mL water, followed by the 
addition of 60 µL of a 20 mM aqueous AgNO3 solution with stirring at room 
temperature for ~ 1 h. The resulting solution was centrifuged at 13,000 rpm 
and the supernatant removed. The residual particles were re-dispersed in water 
for subsequent analysis. 
 
Control (1) : Using bare CdSe/CdS tetrapods 
CdSe/CdS tetrapods were transferred from the organic to aqueous phase via 
ligand exchange with MUA, followed by the addition of AgNO3. After cation 
exchange between Cd2+ and Ag+, 1mL of a 5 mM Pt stock solution was added 
with stirring at 60 oC for ~2 hours. The resulting tetrapods were generally 
agglomerated but showed no evidence of Pt deposition. 
 
Control (2): Using silica coated CdSe/CdS tetrapods 
Adding AgNO3 solution to silica coated CdSe/CdS tetrapods, silica 
Chapter 3: Aqueous Phase Reactions on Hollow Silica Encapsulated 
Semiconductor Nanoheterostructures 
- 70 - 
 
encapsulated Ag2S based tetrapods were successfully obtained. However even 
with the addition of relatively high concentrations of Pt precursors, no 
evidence of Pt deposition on the Ag2S arms was observed. 
 
  Pt-PdS tetrapod synthesis: The processed Pt nanoparticle-decorated 
CdSe/CdS tetrapods (achieved by using a high amount of Pt precursor) 
encapsulated within a hollow silica shell was first dispersed in water, followed 
by the addition of 50 µL of a 50 mM Pd(NO3)2 solution with stirring for 1h at 
60 oC. The resulting solution was centrifuged at 13000 rpm and the 
supernatant removed. The residual particles were re-dispersed in water for 
subsequent analysis. 
 
Control (1) : Using bare CdSe/CdS tetrapods 
CdSe/CdS tetrapods were transferred from the organic to aqueous phase via 
ligand exchange with MUA, followed by the addition of Pd(NO3)2. The 
mixture was heated to 60 oC and stirred for ~1 h, after which a brown 
precipitate was found at the bottom of the reaction vessel. TEM 
characterization indicated serious aggregation with palladium-containing 
particles present but there was no sign of cation exchange between Cd2+ and 
Pd2+ to give PdS tetrapods, in agreement with a previous report17.  
 
Control (2): Using silica coated CdSe/CdS tetrapods 
Upon the addition of Pd(NO3)2 to silica coated CdSe/CdS tetrapods, PdS based 
tetrapods encapsulated within a silica shell were obtained. Upon addition of 
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Synthesis of PtS hollow tetrapod with SiO2 shell cation exchange with 
Ag and Pd precursors 
The processed Pt nanoparticle-decorated CdSe/CdS tetrapods (achieved by 
using a high amount of Pt precursor) encapsulated within a hollow silica shell 
was first dispersed in water, followed by the addition of 1 mL of 0.1 M HCl 
with stirring for 2 h at 60 oC. The resulting solution was centrifuged at 13000 
rpm and the supernatant removed. The residual particles were re-dispersed in 
water for the subsequent addition of AgNO3 and Pd(NO3)2 at RT and 60 oC, 
respectively. Quantified EDX results showed that the Pt to S ratio is still 1 : 1, 
which suggested that PtS did not undergo cation exchange with Ag and Pd to 
form Ag2S and PdS. 
 
Synthesis of Au decorated silica coated CdSe/CdS tetrapod and cation 
exchange to Au-Ag2S 
  For the preparation of the Au precursor solution, 60 mg of KAuCl4 (0.16 
mmol) was dissolved in 5 mL of water, yielding a homogenous clear solution. 
This will subsequently be referred to as the Au stock solution. The transfer of 
KAuCl4 (aqueous solution) from water to toluene was performed following a 
procedure previously reported by Yang et al. In a 10 mL open top vial, 1 mL of 
the Au stock solution (which was appropriately diluted when lower Au 
precursor concentrations was desired) was mixed with 1 mL of a mixture 
comprising of 280 mg of DDA dissolved in 10 mL ethanol, and allowed to stir 
for 3 min. To this reaction mixture, 1 mL of a mixture comprising of 5 µM 
hollow silica coated CdSe/CdS tetrapods and 6 mg of ODPA in toluene was 
added and the reaction was allowed to continue for a fixed amount of time, 
typically 1.5 h and then quenched with MeOH. This resulted in Au-decorated 
CdSe/CdS tetrapods encapsulated within a hollow shell of silica. 
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The processed silica encapsulated Au decorated CdSe/CdS tetrapods were 
dispersed in water, followed by the addition of 60 µL of a 20 mM AgNO3 
solution with stirring for 1hr at room temperature. The resulting solution was 
centrifuged at 13000 rpm and the supernatant removed. The residual particles 
were re-dispersed in water for characterization. 
 
TEM characterization: 
See chapter 2 for detail. 
 
Optical characterization: 
See chapter 2 for detail. 
 
XRD Characterization: 
X-ray Diffraction (XRD) data was obtained with a diffractometer (Bruker 
AXS, GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 20o to 
80o. Samples were prepared on a clean silicon wafer by placing drops of 
concentrated nanoparticles in toluene on the silicon surface and dried at 80 oC 
in the oven. This was repeated several times until a thin layer of solid was 
formed on the silicon substrate. 
 
XPS Characterization: 
XPS measurements were performed using the Thermo Scientific Theta 
Probe XPS. Monochromatic Al-Ka X-ray (hν=1486.6 eV) was employed for 
analysis with an incident angle of 30o with respect to the surface normal. 
Photoelectrons were collected at a take-off angle of 50o with respect to the 
surface normal. The analysis area was approximately 400 µm in diameter 
while the maximum analysis depth fell within the range of 4 – 10 nm. 
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3.3. Results and Discussions 
 
In this chapter, an alternative approach is proposed to the conventional 
metal deposition process in which the host semiconductor is first isolated 
within a porous SiO2 nanostructure with a hollow interior that permits 
exposure to the metal precursors and allows for their subsequent 
heterogeneous nucleation and growth on the semiconductor surface. 
Semiconductor tetrapods were chosen is due to the fact that such structures 
typically provide extremely large absorption cross sections on a per particle 
basis than their spherical and rod-like counterparts,18 making them highly 
suited for supporting photo-induced reactions. A schematic of the fabrication 
of such hollow SiO2-tetrapod composites is shown in Scheme 3.1. Synthesis 
of monodispersed CdSe-seeded CdS tetrapods, as shown in Figure 3.1, 
proceeded according to a previously reported method with slight 
modifications.19 Encapsulation with a shell of silica was then carried out using 
a previously reported reverse micro-emulsion approach in which the 
as-synthesized hydrophobic semiconductor tetrapods in cyclohexane were 
exposed to silica precursors in the presence of a surfactant Igepal CO-520 and 
water,20 resulting in silica-coated structures as shown in Figure 3.2(A). This 
allowed for the tetrapods to be easily dispersed and colloidally stable in 
aqueous solutions. 
 
It was recently reported that the growth of silica around nanoparticles via a 
Stöber type process can result in a structurally inhomogeneous shell in which 
the innermost layer is “soft”, with a porous structure that possesses a lower 
degree of Si-O cross-linking and an outermost layer that is "hard" and highly 
cross-linked.21 The as-obtained SiO2 shells were assumed possessed a similar 
structural inhomogeneity, which were subsequently exposed to dilute HF in 
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order to selectively remove the innermost layer of silica. By optimizing 
etching parameters such as reaction time and acid concentration, very 
monodispersed semiconductor tetrapods encased within the hollow interior of 
a structured silica matrix were reproducibly obtained, as illustrated in Figure 
3.2(B).  The porosity of the “hard” layer, which facilitated acid diffusion into 
the “soft” SiO2 layer and its subsequent etched contents to diffuse out, should 
in principle also allow for a large variety of small molecules or ions to access 







Scheme 3.1. Schematic illustrating the formation of SiO2 encapsulated 











Figure 3.1. Low magnification TEM images of relatively monodispersed 
CdSe seeded CdS tetrapods  
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Figure 3.2. Low magnification TEM images of relatively monodispersed (A) 
silica encapsulated CdSe seeded CdS tetrapods, (B) silica encapsulated CdSe 
seeded CdS tetrapods with hollow interior. Inserts are magnified TEM image 
of a typical example nanoparticles. The spherical particles are silica structures 
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Figure 3.3. TEM images of small Pt clusters deposition on CdSe/CdS 
tetrapods with hollow silica shell, low magnification (A) and high 
magnification (B). (C) Chemical mapping of elements Cd, S, and Pt of low 
amount of Pt deposition. From left to right: HAADF-STEM image, 
corresponding Cd map, S map and Pt map. (D) and (E) are TEM images of 
CdSe seeded CdS tetrapods decorated with Pt particles, at low and high 
magnification respectively. (C) Chemical mapping of elements Cd, S, and Pt 
for Pt-CdSe seeded CdS tetrapods. From left to right: HAADF-STEM images 
showing Cd (green), S (blue) and Pt (red). Scale bars are 20 nm. 
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In order to derive various morphologies of Pt deposited on CdSe seeded 
CdS tetrapods, different amounts of H2PtCl6 precursor were dissolved in water 
and mixed vigorously with the hollow silica encapsulated tetrapods for 2 h at 
60 oC. While relatively low concentrations of H2PtCl6 did not result in any 
observable Pt deposition, intermediate concentrations yielded very small 
particles with a diameter of only ~0.8-1.2 nm, as shown in Figures 3.3(A)-(C). 
Further increasing the amount of the Pt precursor added led to the growth of 
larger platinum nanoparticles, as depicted in Figure 3.3(D). It is evident that 
the Pt particles are located in fairly high density along the tetrapod arms, in 
contrast with previously reported decoration of tetrapod tips with Au particles8 
and in agreement with Pt deposition on CdSe nanorods in the aqueous phase15. 
Continued growth of Pt particles resulted in a progressive loss of absorption 
features in comparison with the starting CdSe-seeded CdS tetrapods, as shown 
by UV-Vis measurements (Figure 3.4) 
 
Although the reduction of the Pt precursor in the absence of light, oxygen or 
a reducing agent was previously seen in Pt deposited CdSe nanorods and 
ascribed to a redox process between Pt4+ and Se2-,15 the reduction of the Pt 
precursor in our system is unlikely to have proceeded via the oxidation of S2- 
as any discernible decrease was not observed in the dimensions of the CdS 
tetrapod arms.  On the other hand, a control experiment in which the Pt 
precursor was heated in water showed the presence of irregularly shaped Pt 
clusters (See Figure 3.6(C)), suggesting that water is the reductant under the 
reaction conditions employed, as observed previously by Viswanath et. al.22 
The thin silica shell permitted analysis via HRTEM, as shown in Figure 
3.3(E), which revealed the presence of both the lattice fringes of CdS and Pt, 
the latter of which appeared to be randomly oriented with respect to the axis of 
the CdS tetrapod arm. Further confirmation of the composition of the tetrapod 
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heterostructures was carried out via elemental mapping of Cd, S and Pt on 
individual tetrapods, as may be inferred from the composite image Figure 
3.3(F). The HAADF-STEM analysis of the silica-encapsulated, Pt-decorated 
CdSe/CdS tetrapods yielded a clear contrast between the semiconductor and 
metal domains, allowing the diameters of the Pt nanoparticles formed 
(typically from ~1.5 to 2.5 nm) to be reliably determined (As shown in Figure 
3.5).  
 
In order to emphasize the importance of the hollow encapsulation of 
anisotropic semiconductor nanostructures undergoing metal deposition 
processes in aqueous media, a number of control experiments entailing bare 
semiconductor tetrapods were conducted as follows. As-synthesized CdSe 
seeded CdS tetrapods were first rendered water dispersible by surface ligand 
exchange with 11-mercaptoundecanoic acid (MUA),23 and then allowed to 
undergo the same reaction conditions as described before with the 
silica-encapsulated tetrapods. This resulted in serious aggregation and only a 
very small quantity of smaller clusters of tetrapods could be recovered and 
characterized via TEM, though it may be seen that Pt nucleation and growth 
did occur on the aggregated particles, as shown in Figure3.6(A).  
 
A second control experiment was performed in which silica-encapsulated 
semiconductor tetrapods without a hollow interior were used, with all other 
reaction conditions being equivalent with those of their hollow counterparts. 
Despite a fairly large range of Pt concentrations explored, no sign of any Pt 
deposition was observed, as shown in Figure 3.6(B). This is likely attributed 
to the intimate contact between CdS and the silica shell, which inhibits 
nucleation and growth of Pt particles on the semiconductor surface, thus 
justifying the need for encapsulation of the semiconductor nanostructures 
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Figure 3.4. UV-Vis spectra of silica coated CdSe/CdS tetrapods (black), silica 
coated CdSe/CdS tetrapods with hollow interior (blue), small Pt clusters 
deposition on silica coated CdSe/CdS tetrapods with hollow interior (red), and 
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Figure 3.5. HAADF-STEM images of Pt-decorated CdSe/CdS tetrapods with 
(A) small Pt cluster deposition and (B) large Pt NP deposition. Their 
corresponding EDX measurements showing Cd, S and Pt signals are given in 
(C) and (D) respectively. The quantified EDX results indicate atomic 
percentages of Cd, S, and Pt at 38.56%, 40.42% and 21.01% respectively for 
the tetrapods in (A) and 23.84%, 25.93% and 50.21% respectively for the 
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Figure 3.6. TEM images of the control experiments for Pt deposition on 
CdSe/CdS tetrapods: (A) without a silica shell, showing serious aggregation; 
and (B) with a non-hollow silica shell showing no obvious indication of Pt 
deposition despite high amounts of Pt precursor added such that the 
homogeneous nucleation and growth of Pt may be seen. (C) Pt nanoparticles 
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An intriguing observation was made in which hollow silica-encapsulated 
tetrapods exposed to relatively low concentrations of Pt precursors showed no 
signs of Pt nucleation and growth, yet gave an appreciable Pt signal under 
EDX characterization. The persistence of the Pt signal even under very 
rigorous washing conditions, thus excluding the remote possibility of Pt 
precursor contamination in the sample background, prompted further 
investigation. Exposure to a mixture of dilute HF and HCl resulted in the total 
removal of the SiO2 shell and the Cd chalcogenide moieties, leaving behind an 
extremely thin (~ 1 nm), hollow layer that preserved the shape characteristics 
of the original tetrapod structures, as shown in Figure 3.7(A). Treatment with 
the acid mixture for CdSe seeded CdS tetrapods bearing large Pt particles 
resulted in the preservation of the Pt particles atop the thin hollow tetrapod 
structure, which is readily seen in Figure 3.7(B). A more definitive image of 
the thin hollow layer with good image contrast was afforded by the 
HAADF-STEM data illustrated in Figure 3.7(C), and an analysis of the 
dimensions of the tetrapod structures suggested negligible differences with the 
original Cd-based tetrapods. While EDX measurements (Figure 3.7(D)) 
showed surprisingly the absence of Cd and the presence of Pt and S in an 
atomic ratio of 1:1, a line scan across the arm the tetrapod structure revealed a 
composition profile consistent with a hollow interior, as depicted in Figure 
3.7(E).  
 
On the basis of our experimental observations and the unlikelihood of pure 
Pt growth on CdS (which has a lattice mismatch of ~ 32.4% as opposed to ~ 
3.6% for PtS on CdS), the composition of the thin interfacial layer is most 
likely that of PtS. The absence of clear lattice fringes under HRTEM and the 
lack of distinct peaks in XRD measurements suggest that this PtS layer is 
likely to be amorphous, which is not unexpected given its formation via partial 
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cationic exchange at a relatively low temperature of ~60 oC. Further 
confirmation for the assignment of PtS is provided by XPS which showed a 
strong PtS peak and a smaller PtO peak at 72.8 eV and 74.1 eV, respectively, 
as shown in Figure 3.8. Efforts to elucidate the physicochemical properties of 
























Figure 3.7. (A) and (B) are TEM images of hollow PtS tetrapods and hollow 
PtS tetrapods with Pt particles deposited, respectively. (C) HAADF-STEM 
image of representative hollow PtS tetrapods. Scale bar is 20 nm. (D) EDX 
spectrum of Pt particle deposited PtS tetrapods showing only Pt and S signals. 
The quantified results show atomic percentages of Pt, S at 51.02% and 49.24% 
respectively. (E) Corresponding EDX line scan across one arm of a hollow PtS 
tetrapod using scan steps of 0.2 nm. 
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Figure 3.8. XPS in Pt 4f spectral region of the ultra thin semiconductor 




Although it has been shown that complex shaped semiconductor 
nanoparticles can undergo cationic exchange while retaining the structural 
characteristics of the anionic sublattice,24-28 ionic exchange processes in 
colloidal hybrid metal-semiconductor nanostructures have scarcely been 
explored. It is reasonable to surmise that the thin amorphous interfacial layer 
of PtS supporting the growth of nanoparticles of Pt can facilitate cationic 
exchange of the underlying CdS structure while preserving the architectural 
framework of the Pt decorated surface, thus exemplifying a novel strategy 
towards the fabrication of hierarchically complex metal-semiconductor 
nanoparticles. To validate this supposition, silica coated, Pt-functionalized 
CdSe seeded CdS tetrapods were exposed to an aqueous solution of Ag+ and 
allowed to react for ~1 hour under ambient conditions. Characterization via 
TEM, as shown in Figure 3.9(A) and Figure 3.10(A), indicated that the 
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resulting structures bore the shape of the initial tetrapods and were decorated 
with particles of a much darker contrast. The compositional profile of the 
particles were characterized via STEM and EDX, which showed only the 
presence of Ag, S, Pt, as depicted in Figures 3.9(B) and (C). The prominent 
absence of Cd suggested that the structures obtained comprised of Ag2S 
tetrapods and Pt nanoparticles with a thin interfacial layer of PtS in between, 
analogous with the CdSe seeded CdS tetrapods with a PtS layer bearing Pt 
nanoparticles. Quantification of the EDX signals revealed an Ag to S ratio of 
approximately 2:1, consistent with a Pt-decorated CdSe seeded CdS tetrapod 












Figure 3.9. (A) TEM image of a Pt nanoparticle decorated Ag2S tetrapod. (B, 
C) Corresponding HAADF-STEM and EDX data for (A). The quantified 
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  In order to determine if Pt particles may be directly grown on 
cationic-exchanged Ag2S tetrapods, control experiments in which 
MUA-capped CdSe seeded CdS tetrapods dispersed in the aqueous phase were 
first exposed to Ag+, followed by addition of the Pt precursor H2PtCl6. Amidst 
particle aggregation, no sign of Pt deposition was observed via TEM although 
careful EDX measurements detected a very weak presence of Pt that was 
likely to originate from extremely small clusters of Pt on top of the fully 
cationic-exchanged Ag2S surface, as shown in Figure 3.10(B) and (C).  
 
  The same reaction conditions were carried out with SiO2 encapsulated 
CdSe/CdS tetrapods in which cation exchange with Ag+ took place before 
exposure to the Pt precursor. Despite the relatively high concentrations of Pt 
precursor explored, no evidence of Pt deposition on the Ag2S tetrapod arms 
was observed, as illustrated in Figure 3.10(D). These observations highlight 
the importance of our strategy in fabricating geometrically complex 
Pt-decorated semiconductor nanostructures under mild reaction conditions, 
where the affinity between Pt and the semiconductor is low and direct growth 
of large Pt nanoparticles onto the semiconductor surface is difficult. It should, 
however be mentioned that the heterogeneous nucleation of Pt on spherical 
Ag2S nanoparticles was previously achieved though under refluxing 
conditions and in the presence of a reducing agent.29  
 
  In the case of the Pt-decorated tetrapods with Ag2S arms, preservation of the 
Pt nanoparticle network was also likely facilitated by the fact that the Cd2+ 
undergoes exchange with Ag+, whereas Pt2+ does not. Indeed, for 
Au-decorated CdSe seeded CdS tetrapods where an interfacial layer of gold 
sulfide is not formed since the Au ions do not undergo cationic exchange with 
Cd2+ in CdS,6 exposure to Ag+ resulted in the partial removal of Au particles It 
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may be speculated that this occurs where the Cd2+ in the vicinity of the Au 


















Figure 3.10. (A) Low magnification TEM image of hollow SiO2 coated Pt 
decorated Ag2S tetrapods. Control experiments for synthesis of Pt decorated 
on Ag2S tetrapods: (B) without the silica shell, showing no obvious sign of Pt 
deposition and severe aggregation. The corresponding EDX image in (C) 
showed mainly Ag and S signals as well as a weak Pt signal; (D) with a 
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Figure 3.11. TEM images of (A) Au deposition on hollow silica coated 
CdSe/CdS tetrapods. (B) Cation exchange to Ag2S by adding AgNO3 precursor, 
which showed the partial removal of gold NPs and some degradation of 
original tetrapod shape. (C) EDX measurements showed a persistent Cd signal 
which suggested that with gold deposition on the surface of the CdS arms, it 
was not possible to undergo complete cationic exchange to Ag2S tetrapods. 
 
 
Given the unique property of the thin amorphous PtS layer to facilitate 
cation transfer between the solvent bath and the underlying CdS nanostructure 
while supporting a dense distribution of Pt nanoparticles, it may be envisaged 
that a multitude of anisotropic, hierarchically complex Pt-decorated 
semiconductor nanocomposites may be synthesized. As an example, PdS was 
C 
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selected as a choice material due to its utility as a catalyst30 and its potential 
synergistic relationship with the well-known catalytic properties of Pt. Thus 
Pt-decorated CdSe seeded CdS tetrapods with an interfacial layer of PtS were 
allowed to undergo cationic exchange with Pd2+. Despite a large fractional 
volume change |∆V/V| of ~0.315 based on bulk lattice parameters that can 
result in drastic shape change,31 TEM characterization of Pt-decorated PdS 
tetrapod structures exemplified in Figure 3.12(A) suggested that the cationic 
exchange process preserved the structural integrity of the original Pt-deposited 
semiconductor tetrapods. This is also apparent in Figure 3.12(B), where it is 
seen that the Pt nanoparticles were still present atop the tetrapod-shaped 
heterostructures even after the SiO2 shell was removed. Further investigation 
via HAADF-STEM and EDX (Figure 3.12(C) and (D)) showed the presence 
of Pt, S, and Pd only, thus corroborating our supposition that full-cationic 
exchange between Cd2+ and Pd2+ had occurred. A measured ratio of Pd to S in 
the structure yielded an approximate 1.3:1, consistent with an oxidation state 
of Pd2+ and an overall PdS composition. The additional Pd signal might be due 
to the deposition of Pd on the Pt particles in some of the tetrapods, forming an 
alloy. The inset in Figure 3.12(B) exemplifies such a structure in which some 
of the nanoparticle sizes increased to around 3-4 nm after exposure to Pd and 
exhibited lattice spacings commensurate with a Pt-Pd alloy.  
 
Control experiments with bare CdSe/CdS tetrapods dispersed in the aqueous 
phase resulted in serious aggregation upon exposure to the Pd precursor while 
silica-encapsulated tetrapods without a hollow interior were converted to PdS 
tetrapods but with no sign of Pt deposition whatsoever (See Figures 3.13). As 
shown in Figure 3.14, PtS does not undergo cation exchange with either Ag+ 
and Pd2+. 
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Figure 3.12. (A) TEM image of Pt nanoparticle decorated PdS tetrapods 
encapsulated within a hollow SiO2 shell. (B) TEM image of Pt nanoparticle 
decorated PdS tetrapods without the SiO2 shell. The inset is a HRTEM image 
showing the lattice fringes of the Pt-Pd alloy {111} plane.  (C, D) 
Corresponding HAADF-STEM & EDX, yielding atomic percentages of Pd, S 
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Figure 3.13. (A) TEM image of Pt nanoparticle decorated PdS tetrapods 
encapsulated within a hollow SiO2 shell. (B-E) Control experiments for 
synthesis of Pt decorated on PdS tetrapods with hollow silica shell. (B) 
Without the silica shell, no cation exchange seen except for the formation of a 
Pd-containing product, which was characterized via XRD, as shown in (C). (D) 
With the non-hollow silica shell, CdSe/CdS tetrapods were transformed into 
PdS based tetrapods, however the corresponding EDX image (E) showed only 
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Figure 3.14. TEM image of PtS hollow tetrapods encapsulated within SiO2 
after undergoing exposure to (A) Ag+ and (B) Pd2+ respectively. Their 
corresponding area EDX data yielded atomic percentages of Pt, S as (C) 50.72% 
and 49.27%, and (D) 47.57% and 52.42% respectively, suggesting cation 
exchange did not occur. The presence of Ag and Pd may be attributed to 
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In summary, a facile and robust methodology has been presented, for the 
aggregation-free, aqueous phase synthesis of hierarchically complex 
metal-semiconductor heterostructures. By encapsulation with a SiO2 shell with 
a hollow interior, an intricately shaped semiconductor nanoparticle can be 
isolated and allowed to undergo metal deposition and cationic exchange 
reactions without problems of irreversible particle agglomeration. In this 
chapter, the utility of this technique for Pt deposition on CdSe seeded CdS 
tetrapods was exemplified, which were found to be facilitated via the 
surprising formation of a thin interfacial layer of PtS coated onto the CdS 
surface. Further, this unique architecture and high colloidal stability of the Pt 
decorated semiconductor particles to undergo subsequent cation exchange 
reactions with Ag+ and Pd2+, yielding Pt nanoparticle decorated Ag2S and PdS 
tetrapods respectively. The synthesis of these nanocomposites is to the best of 
our knowledge, unprecedented and their potential utility as catalysts are 
currently being investigated. More importantly, the circumvention of particle 
aggregation using hollow silica shells allowed for aqueous phase metal 
deposition and cation exchange processes to be used in a sequential fashion, 
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4.1. Introduction 
   
  The controlled fabrication of hollow nanostructures with functional 
properties has in recent times received increased attention due to their unique 
shape-dependent properties which have been exploited in a rapidly growing 
number of technological areas. In particular, much effort has been focused on 
the precise synthetic control of hollow iron oxide nanomaterials in order to 
enhance their utility in areas as diverse as gas sensors, lithium ion batteries 
and catalysis.1-7 This may be attributed largely to the fact that iron oxide 
nanoparticles have high thermal stability, low toxicity, good reusability and 
can easily be recovered by magnetic harvesting.8 Owing to these salient 
properties, hollow iron oxide nanoparticles have also been explored as 
vehicles for targeted drug delivery,9-11 as a magnetic resonance imaging (MRI) 
contrast agent,12 or both.13 To date, a number of different chemical synthetic 
routes to prepare hollow iron oxide nanoparticles have been reported such as 
nanoscale etching,9,12,14 volume reduction due to structural transformation13, 
and template-directed approaches.15-17 Perhaps the most widely adopted 
approach to hollow morphologies is that of the so-called Kirkendall effect in 
iron nanoparticles, where iron atoms diffuse outward as they oxidize to iron 
oxide and leave vacancies which eventually coalesce into voids.18-20 By 
varying the reaction temperature and oxidation time, a high degree of control 
over the resulting shell thickness can be achieved, thus making this approach 
facile and desirable.  
 
  The synthesis of hollow iron oxide nanoparticles via the Kirkendall effect, 
however, has mainly been restricted to simple isotropic geometries such as 
spheres21,22 despite the fact that anisotropic geometries can potentially lead to 
higher surface-to-volume ratios and unique shape-dependent magnetic 
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properties.23,24 This can perhaps be attributed to the difficulty in directly 
synthesizing structurally well-defined, anisotropically shaped iron 
nanoparticles. In this work, silica-encapsulated ultrathin hollow PtS 
nanotetrapods were demonstrated to be used to facilitate the heterogeneous 
nucleation and growth of iron. Surprisingly, the deposition of Fe was found to 
take place exclusively within the PtS interior, leading to the formation of a 
solid iron tetrapod. A systematic investigation of the subsequent oxidation of 
the Fe tetrapod to a hollow Fe3O4 shell via the nanoscale Kirkendall effect 
revealed that the Fe3O4 shell retained the exact external morphology of the PtS 




Synthesis of spherical wurtzite CdSe (w-CdSe) seeds: 
See Chapter 2 for details 
 
Synthesis of spherical Zinc Blend CdSe (zb-CdSe) seeds: 
See Chapter 3 for details. 
 
Preparation of stock solution of w-CdSe and zb-CdSe QDs: 
Processed w-CdSe and zb-CdSe QDs were dispersed in a minimum amount 
of hexane and their concentration was determined by measuring their 
absorbance at 350 nm, whose molar absorption coefficient is known. The 
hexane was then removed under vacuum and TOP was added to make up a 
QD concentration of 100 μM for both w-CdSe and zb-CdSe. This mixture will 
subsequently be referred to as the w-CdSe and zb-CdSe stock solution, 
respectively. 
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Synthesis of CdSe seeded CdS heterostructured nanorods and 
tetrapods: 
Rod-like and tetrapod-like CdSe seeded CdS heterostructures were 
synthesized via the seeded growth approach reported previously. Briefly, 2.65 
g TOPO (99%), 0.05175 g CdO, and a mixture of ligands (HPA 67 mg and OA 
0.5 mL) were degassed at 150 °C for about 1.5 h in a 50 mL three-neck round 
bottom flask. The reaction mixture was then heated to 350 oC under N2, 
whereupon the solution turned from reddish brown to cloudy. Separately, a 
mixture of S, TOP and CdSe seeds was derived by first dissolving 0.0065 g of 
S in 0.6 mL of TOP at 50°C before adding 25 µL of appropriate CdSe stock 
solution (w-CdSe for nanorods and zb-CdSe for tetrapods synthesis). Upon 
reaching the desired injection temperature 350 °C, 0.9 mL TOP was added and 
the temperature was allowed to recover to 350 °C before the mixture of S, 
TOP and CdSe was swiftly injected. The temperature was again allowed to 
recover to 350 °C for the growth of CdS shell (arms for tetrapods case) at this 
temperature for 10 min. The heating mantle was then removed and the 
solution was allowed to cool to 80 °C. As-synthesized CdSe seeded CdS 
heterostructures were then processed by repeated cycles of precipitation in 
methanol and re-dispersion in cyclohexane. See Figure 4.1(A), (B). 
 
Silica encapsulation of CdSe seeded CdS nanorod and tetrapod with 
hollow interior 
Synthesis of silica-coated CdSe/CdS nanorods and tetrapods 
The synthesis procedures for the coating of semiconductor nanoparticles 
with SiO2 were adapted from a previous report with several modifications. 
Briefly, 0.2 mL Igepal CO-520 was added to 1.5 mL of cyclohexane, followed 
by the sequential addition of 12 µM of CdSe/CdS nanorods (in 20 µL 
cyclohexane) or 5 µM of CdSe/CdS tetrapods (in 8 µL cyclohexane), 30 µL of 
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aqueous ammonia (30%), 30 µL of DI water and 5 µL of TEOS. Between each 
addition step, the reaction mixture was allowed to stir for ~20 min. The final 
mixture was then stirred continuously for 24 h. The resulting nanoparticles 
were recovered by the addition of ethanol followed by centrifugation at 13000 
rpm for 10 min. The recovered silica coated CdSe/CdS nanorods and 
CdSe/CdS tetrapods (Figure 4.1(C), (D)) were repeatedly rinsed with ethanol 
and finally dispersed in water. 
Partial etching of silica shell to form a hollow interior 
  The partial etching process was adapted from a previous report with several 
modifications. Processed silica coated CdSe/CdS nanorods and tetrapods were 
dispersed in 1mL DI water, followed by the addition of 0.1 mL diluted HF 
solution (0.5% wt). The mixture was stirred at 60 oC for ~30 min, and the 
particles were isolated by centrifugation at 13000 rpm for 10 min. The final 
product (Figure 4.1 (E), (F)) was then redispersed in water. 
 
Synthesis of silica coated PtS nanorod and tetrapod hollow templates. 
  For the preparation of the Pt stock solution, 13 mg of H2PtCl4•6H2O was 
dissolved in 5 mL of water, yielding a light yellow solution. Silica 
encapsulated CdSe/CdS nanorods and tetrapods with a hollow interior were 
first dispersed in 1mL water, followed by the addition of 20 µL of the Pt stock 
solution. The mixture was then heated to 60 °C and stirred for 30 min. The 
solution color changed from light yellow to dark yellow. The solution was 
centrifuged at 13000 rpm and the supernatant was removed. The residue was 
re-dispersed in 0.5 mL of a 2M HCl solution and sonicated for 1 min to 
dissolve the CdSe/CdS nanoparticles. The solution color turned to dark brown 
and then centrifuged again for a few more cycles and re-dispersed in ethanol.  
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Removal of the silica coating. 
  Hollow silica-encapsulated PtS templates were processed and dispersed in 1 
mL of water, followed by the addition of 0.1 mL of diluted HF (0.5% wt). The 
mixture was then heated to 60 °C and stirred for ~1 hour. The resulting PtS 
particles were then processed and re-dispersed in ethanol. 
 
Synthesis of hollow iron oxide nanorods and tetrapods and control 
experiments  
75 µL of oleylamine (OLAM), 75 µL of oleic acid and 110 mg of HDDO 
were mixed in 3 mL of ODE in a 50 mL three-neck flask. The mixture was 
degassed under vacuum for 30 min at 80 oC, after which it was heated under 
N2 to 180 oC. Subsequently, an appropriate amount of silica coated PtS 
tetrapods (or nanorods) (0.0048 µmol for nanorods or 0.0016 µmol for 
tetrapods) were dispersed in 0.1 mL of OLAM, and along with 0.1 mL of a 0.1 
M Fe(CO)5 in ODE, were rapidly injected into the above-mentioned 
three-neck RBF at 140-180 oC. As a guideline, the growth times for obtaining 
a 3 nm thick hollow iron oxide nanorod was usually around 5 min, 1.5 nm and 
4.5 nm thick hollow iron oxide tetrapod were usually 1 min and 5 min 
respectively. Finally, the solution was exposed to air for approximately 30 min 
at 120 oC to facilitate the complete oxidation of the shell, and then centrifuged 
at 13000 rpm to remove the supernatant. An optimized molar ratio of ligands, 
oleylamine: oleic acid: HDDO was found to be 2.35: 1: 1.85 as reported 
previously. 
Control (1) : Without using templates 
In this control experiment, the same iron deposition conditions were employed 
with the sole exception that no silica encapsulated PtS template nanoparticles 
were used. There were no iron oxide nanoparticles observed via TEM. 
  Control (2): Hollow silica shell without the PtS component as template 
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In this control experiment, the same iron deposition conditions were employed 
with the sole exception that hollow silica tetrapod template nanoparticles were 
used. Instead of tetrapod-shaped iron oxide nanoparticles, only iron oxide 
spheres were observed via TEM, even with the synthesis temperature 
increased to 280 oC.  
Control(3): Using PtS tetrapod templates without silica encapsulation 
In this control experiment, the same iron deposition conditions were employed 
with the sole exception that PtS tetrapods without the SiO2 coating were used. 
Although tetrapod-shaped iron oxide nanoparticles were obtained, there is 
obvious aggregation.  
 
Catalytic reactions for p-nitrophenol degradation and control 
experiments.  
Catalysis reactions were carried out in a NaH2PO4-Na2HPO4 buffer solution 
at pH 7. Typically, 20 mg silica coated iron oxide tetrapods (approx 50% wt 
iron oxide by gravimetric analysis), 250 µL of H2O2 (30% wt) and 26 µL of 75 
mM p-nitrophenol(PNP) were sequentially added to a 2 mL buffer solution at 
35 oC. After 6 hr of reaction, the iron oxide catalyst was separated by applying 
an external magnetic field. The solution colour changed from yellow to 
colourless. The concentrations of PNP compounds in supernatants were 
analyzed by UV-Vis. Controls experiments with 10 mg of commercially 
available iron oxide nanoparticles from Sigma Aldrich (approximately 
weight-equivalent in terms of iron oxide content) and with H2O2 only were 
performed with the same reaction conditions as described. 
 
  A standard curve was made by adding different volume percentages of 26 
µL 75mM p-nitrophenol, namely, 100%, 80%, 60%, 40%, 20% and 0% to the 
buffer solution, and plotting their absorbance at 400 nm. This standard curve 
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was then used to determine the extent of degradation as a function of time. It 
was ensured that the total volume of the mixture was the same for all of the 
catalysis reactions carried out. 
 
TEM characterization: 
JEOL 2010 (with accelerating voltages of 200 kV) microscope was used to 
obtain bright-field TEM images of the nanoparticles. For TEM sample 
preparation, a drop of the nanoparticle solution was placed onto a 300 mesh 
size TEM grid. Excess solution was removed by an adsorbent paper and the 
sample was dried at room temperature. The High-Resolution TEM images, 
High-Angle Annular Dark Field Scanning-TEM (HAADF-STEM) studies and 
detailed elemental composition analysis were carried out on a FEI Titan 
80-300 electron microscope operated at 200 kV, which was equipped with an 
electron beam monochromator and energy dispersive X-ray spectroscopy 
(EDX). The probing electron beam size for the EDX measurement was around 
0.3 nm. The dwell time for each EDX spectrum was around 10 seconds. 
 
Optical characterization: 
See chapter 2 for detail. 
 
Magnetic measurements  
The magnetic properties of the samples were investigated by SQUID 
magnetometry, normalizing the results to the iron oxide mass in the samples. 
Measurements of static magnetization and hysteresis behaviour were 
performed with a Quantum Design MPMS XL SQUID magnetometer. 
Zero-field-cooled (ZFC) magnetization curves were measured by cooling 
samples in a zero magnetic field and then increasing the temperature under an 
applied field of 500 Oe. Field-cooled (FC) magnetization curves were 
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recorded during cooling of the samples under the same field of 500 Oe. The 
field dependence of the magnetization (hysteresis loop) was recorded at 5 K 
and 300 K. The saturation magnetization (MS) values were derived from 
corresponding plots of M versus 1/H by extrapolation of the M values 
corresponding to 1/H at 0. 
 
3D electron tomography 
A total of 68 HAADF-STEM images were collected over a tilt range of -64° 
to 70° with 2° tilt step for electron tomography. Stage tilting and image 
acquisition were performed automatically by the FEI Xplore-3D tomography 
program, while tracking and refocusing of the area of interest were carried out 
manually in order to shorten the total acquisition time. The images were 
acquired with a magnification of 360,000, giving an image sampling of 0.37 
nm per pixel. Acquisition time for one 1024×1024 sized image was 30 s. The 
final tilt series was aligned using a cross-correlation method and reconstructed 
by the simultaneous iterative reconstruction technique (SIRT, 40 iterations) 
using Inspect3D and the reconstructed 3D volume was visualized with Amira 
4.1. Segmentation was used to identify the surface of the iron oxide layer and 
the PtS template by automatic selection of the threshold values of the 
materials. 
 
4.3. Results and Discussions 
 
Our synthetic strategy for obtaining anisotropic hollow iron oxide 
nanostructures is based on the heterogeneous nucleation and growth of iron on 
pre-synthesized hollow semiconductor nanoparticles which have been 
encapsulated within a shell of silica, followed by complete oxidation to iron 
oxide, as illustrated in Figure 4.2(A) and 4.2(D). Briefly, CdSe seeded CdS 
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nanorods and tetrapods were synthesized based on a previously reported 
seeded growth approach25,26 and subsequently encapsulated in silica via a 
reverse emulsion process.27,38 The silica shell formed is porous,29 and allows a 
large variety of small molecules and ions to permeate through and access the 
surface of the contained semiconductor material. A cation-exchange reaction 
and acid-etching process is then carried out in accordance with a previous 
method reported by us in order to derive silica-encapsulated, amorphous 
hollow PtS analogues of the original semiconductor nanostructures.30 Figure 
4.2(B) and 4.2(E) exemplifies the obtained silica encapsulated hollow PtS 
nanoparticles of nanorod- and tetrapod-like morphology, where it is readily 
observed from the inset that there is a surrounding void between the silica 
interior and the PtS nanostructure. The exterior dimensions of the ultrathin 
hollow PtS nanostructures generally follow that of the CdSe seeded CdS 
particles, given that their thicknesses typically range from ~1.0 to 1.5 nm.  
 
The hollow silica coated PtS nanoparticles were utilized as host templates to 
derive hollow anisotropic iron oxide nanostructures. Hollow iron oxide 
nanorods and tetrapods were synthesized via the thermal decomposition of 
Fe(CO)5 in the presence of the silica coated PtS nanostructures with 
1-octadecene (ODE) as the solvent and oleic acid (OLAC), oleylamine 
(OLAM) and 1,2-hexadecanediol (HDDO) at an optimized molar ratio of 
1:2.35:1.85 respectively. The use of PtS as templates allowed the reaction 
temperature to be as low as 140 oC, which is significantly lower than the 
typical 240 oC and higher temperatures used for the homogeneous nucleation 
and growth of iron oxide nanoparticles using similar precursors. The low 
reaction temperature may be attributed to either a high affinity between the Fe 
monomers and Pt cations such that heterogeneous nucleation and growth on 
PtS is highly favorable. Upon completion of growth, oxidation of the resulting 
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products was performed under ambient conditions at 120 oC. A detailed 






















Figure 4.1. Low magnification TEM images of monodisperse (A) CdSe 
seeded CdS nanorods, (B) CdSe seeded CdS tetrapods, (C) silica coated CdSe 
seeded CdS nanorods, (D) silica coated CdSe seeded CdS tetrapods, (E) silica 
encapsulated nanorods with a hollow interior and (F) silica encapsulated 
tetrapods with a hollow interior. The occasional occurrence of spherical 
particles seen is attributed to silica structures which did not encapsulate any 




Chapter 4: Formation of Hollow Iron Oxide Tetrapods via a Shape Preserving 
Nanoscale Kirkendall Effect 

























Figure 4.2. (A, D) Schematic depicting formation of anisotropic hollow iron 
oxide nanostructures of various shapes via PtS as a template. 
Silica-encapsulated hollow PtS nanorods (B) with an average diameter of ~5 
nm and length of ~35 nm; and tetrapods (E) with an average branch length of 
~27 nm; (C) and (F) are the corresponding silica encapsulated hollow iron 
oxide nanorods and tetrapods with thicknesses of ~3.0 nm and ~4.5nm 
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Figures 4.2(C) and (F) depict the silica encapsulated hollow iron oxide 
nanorods and tetrapods which were obtained via the templates shown in 
Figures 4.2(B) and (E) respectively. Within the range of growth time explored, 
the thickness of the iron oxide layer could be tuned between ~1.5–4.5 nm. No 
free iron oxide particles were observed, indicating a near-exclusive 
heterogeneous nucleation and growth of iron oxide on PtS. The high 
selectivity of iron oxide growth on the PtS nanostructures highlights the 
importance of the latter as a good host material for deriving anisotropic hollow 
iron oxide nanostructures. From the insets in Figures 4.2(C) and 4.2(F), it is 
evident that the smooth iron oxide shell outlines the shape of the PtS host 
closely, suggesting that the growth of the shell is fairly uniform. It should be 
mentioned that the presence of the encompassing silica shell in the final 
construct not only provides good colloidal stability in aqueous solvents, but 
also helps to circumvent interparticle agglomeration throughout the synthesis 
process. Indeed, a control experiment in which the silica shell was removed 
showed severe aggregation between particles during the nucleation and growth 
of iron oxide (Figure 4.6(C)). 
 
Further structural analysis on the tetrapod nanostructures by HRTEM, as 
illustrated in Figure 4.3(A), showed the presence of a polycrystalline iron 
oxide structure atop the hollow PtS template, which suggests that the growth 
of iron oxide takes place via multiple nucleation sites at the surface of the PtS 
template. As illustrated in Figure 4.3(B), the corresponding Fast Fourier 
Transform (FFT) analysis revealed the existence of planes corresponding to 
magnetite, as was determined by electron energy loss spectroscopy (EELS) 
analysis from our previous work (as discussed in Chapter 2) employing similar 
synthetic  conditions  for  the  growth  of iron oxide nanoparticles.31 The 
compositional profile of the heterostructured particles was probed via 
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high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), as depicted in Figure 4.3(C), where it is apparent that the 
tetrapod structure is comprised of three distinct regions. Investigation of the 
composition of these regions was carried out via elemental mapping of an 
individual tetrapod, as shown in Figures 4.3(D)-(F), where it is seen that the 
PtS is enclosed within the iron oxide interior, which in turn is encapsulated 
within a shell of silica. Quantification of the relative amounts of Pt and S via 
Energy Dispersive X-ray Spectroscopy (EDX) revealed a consistent ratio of 
~1 : 1 (Figure 4.3(G)-(H)), which suggested that PtS did not undergo 
dissociation to form FePt at the interface between Fe and PtS despite the 
elevated reaction temperatures used. By analyzing a statistically significant 
number of particles (>300) in a given TEM sample, it was deduced that most 
(nearly 95%) of the hollow PtS templates are coated with an iron oxide shell, 
thus attesting to the efficacy of the synthesis process. It is important to point 
out that although the original ultrathin hollow PtS structures eventually 
collapse into small dots (possibly due to the high reaction temperature), no 
significant effect on the morphology of the final iron oxide nanostructures 
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Figure 4.3. (A) Representative HRTEM image of a hollow iron oxide tetrapod. 
The red square marks a zoomed-in region (right) showing clear lattice fringes. 
(B) Corresponding FFT image which shows the polycrystalline iron oxide 
sheath present. (C) HAADF-STEM image and (D)-(F) Chemical mapping of 
elements Si (red), Fe (cyan), Pt (purple) and S (blue) for silica encapsulated 
iron oxide hollow tetrapods. (G, H) HAADF-STEM image of hollow iron 
oxide tetrapods sample, and corresponding point (red spot) EDX spectra 
showed Fe, Si, Pt and S signals. Quantification of the relative amounts of Pt 
and S at the interior region revealed a consistent ratio of ~1 : 1. 
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  In order to study the growth evolution of the hollow iron oxide tetrapods, 
aliquots of the reaction mixture were taken at different times during the 
synthesis. These aliquot samples were quickly precipitated and redispersed in 
toluene for TEM analysis as illustrated in Figures 4.4(A)-(F), which 
correspond to reaction times of ~ 10s, 20s, 40s, 60 s, 300 s and 30 min (post 
oxidation in this case) respectively. Upon iron deposition at early reaction 
times, the PtS template showed noticeable shape degradation into particulates, 
although the overall tetrapod morphology was maintained throughout the 
entire reaction. This is corroborated by an EDX line scan across one of the PtS 
arms as exemplified in Figures 4.4(G)-(H), where retention of the hollow 
morphology is evident. The partial degradation of the ultrathin PtS template is 
attributed to the high reaction temperature used, consistent with observations 
made during our control experiment in which PtS particles were heated on a 
hotplate. From the HAADF-STEM images and Fe mapping at reaction times 
between 20-300 s (Figures 4.4(B)-(E)), it may be deduced that the 
heterogeneous nucleation and growth of Fe on PtS occurs at multiple 
deposition sites within the hollow PtS interior, eventually filling its void. An 
EDX line scan across one of the tetrapod arms after 300 s of reaction time, as 
depicted in Figure 4.4(I), provides further validation for a Fe filled interior. 
The fact that Fe growth occurs exclusively within the PtS structure as opposed 
to its exterior may be attributable to a high density of surface defects (and 
therefore higher reactivity) in the interior of PtS caused by the abrupt removal 
of CdS via acid etching. Upon full oxidation of the particle for ~30 min at 120 
oC, a tetrapod shaped hollow void and a thickened iron oxide shell may be 
seen, as illustrated in Figure 4.4(F). The hollow morphology of the iron oxide 
tetrapod is further confirmed by EDX line scan, as shown in Figure 4.4(J).  
 
 
Chapter 4: Formation of Hollow Iron Oxide Tetrapods via a Shape Preserving 
Nanoscale Kirkendall Effect 

























Figure 4.4. (A)-(F) TEM images of tetrapod shaped nanostructures obtained at 
different reaction times of: (A) 10 s. (B) 20 s, (C) 40 s, (D) 60 s, (E) 300 s and 
(F) after oxidation for 30 min. The lower panel in each image shows the 
corresponding HAADF-STEM and Fe mapping data. Representative EDX line 
scans across the arm of a tetrapod allowed to undergo a reaction time of (G) 0 
s; (H) 10 s; (I) 300 s; (J) 300 s followed by oxidation in air at 120 oC for 30 
min. 
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  The exactness in which the iron oxide shell replicates the shape of the 
original PtS template was evaluated using electron tomography,32,33 which 
gives a three dimensional (3D) view of the tetrapods. As shown in Figure 
4.5(A), the 3D image of the iron oxide nanoparticle features a tetrapod 
structure with tapered arms, suggesting a remarkably close reproduction of the 
shape of the PtS template. A cross-sectional view (inset) provides information 
on the location of the collapsed PtS structure within the particle’s hollow 
interior, thus facilitating a reconstructed image of both the hollow iron oxide 
tetrapod and the PtS template, as depicted in Figure 4.5(B). The growth 
process of the hollow iron oxide tetrapods is consistent with a 
template-assisted Kirkendall effect given the formation of a void in the iron 
tetrapod center commensurate with the appearance of an iron oxide shell. In 
the case of hollow spherical iron oxide nanoparticles, incomplete oxidation 
results in a uniform gap between the spherical Fe core and its oxide shell, and 
it is reasonable to assume a steady diffusion of Fe atoms outward from the iron 
core to iron oxide shell surface. For anisotropic structures such as tetrapods (as 
well as nanorods), the surface of Fe is rapidly oxidized, forming a thin oxide 
layer that retains the tetrapod shape. Unlike spherical particles with near 
isotropic surface reactivity, it was observed that voids were formed at different 
locations of the solid tetrapod during the early stages of the oxidation process, 
which may be attributed to its anisotropic distribution of facets. The rate at 
which Fe atoms reach the outer surface at various regions of the tetrapod is 
thus expected to be different. The relatively precise preservation of particle 
shape via the nanoscale Kirkendall effect in such anisotropic structures 
therefore indicates that growth of the iron oxide shell is sufficiently slow and 
uniform such that the intricate shape of the original tetrapod is preserved.  
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Figure 4.5. Reconstructed 3D structure of a iron oxide tetrapod using electron 
tomography. (A) Volume-rendered view of the particle. Inset shows the 
cross-section of one arm through a slice projected over a thickness of 0.37 nm. 
(B) PtS (purple) and iron oxide (blue) layers highlighted by the segmentation 
method.  
 
To ascertain the importance of the PtS template to derive monodisperse 
hollow iron oxide nanostructures, a number of control experiments were 
performed (Figure 4.6). Under reaction conditions identical to those used to 
synthesize the iron oxide tetrapods, with the sole exception that the 
silica-coated PtS templates were not added, no iron oxide nanoparticles were 
observed, possibly due to the low reaction temperature which was insufficient 
for the iron precursors to decompose and undergo homogeneous nucleation. In 
order to rule out the possibility of the silica interior as a host surface to support 
the heterogeneous nucleation and growth of iron oxide, a hollow silica shell 
without PtS component was used, whereupon there was no sign of any 
well-defined, anisotropically-shaped iron oxide formed. This was still the case 
even when the reaction temperature was increased to ~280 oC. Direct growth 
of iron oxide on CdSe seeded CdS was not successful either, as previously 
observed.31 These observations collectively highlight the need for the PtS 
hollow nanostructures as a template to support the heterogeneous nucleation 
and growth of structurally well-defined, monodisperse and colloidally stable 
hollow iron oxide nanostructures. 
A B 
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Figure 4.6. TEM images of control experiments for the synthesis of hollow 
iron oxide tetrapods: (A) without silica coated PtS templates, showing no iron 
oxide product; and (B) a hollow silica shell without the PtS component used as 
a template, which shows only spherical iron oxide nanoparticles that may be 
due to the homogeneous nucleation growth of iron oxide; (C) PtS without 
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  A nanorod may be approximated as a prolate spheroid while a tetrapod may 
be thought of as four prolate spheroids connected at a common tip and 
oriented in a tetrahedral-like geometry. Thus, unlike a magnetic nanorod 
where the magnetization can differ significantly when the external magnetic 
field is oriented along or perpendicular to its long (easy) axis, the 
magnetization of a magnetic tetrapod is likely to be less sensitive to its 
orientation. Moreover, given their higher shape anisotropy as compared with 
nanorods, the magnetic properties of the as-synthesized silica-coated hollow 
iron oxide tetrapods were elected to investigate via superconducting quantum 
interference device (SQUID) magnetometry. Figure 4.7 shows the 
magnetization as a function of applied magnetic field at two different 
temperatures. The room temperature hysteresis loop follows a Langevin-type 
function with no observable coercivity or remanent magnetization, which is 
indicative of superparamagnetic behavior.34 At 5 K the saturation 
magnetization (MS) was found to be ~29 emu/g, which is lower than that of 
bulk γ-Fe2O3 (74 emu/g) and Fe3O4 (80-84 emu/g). This is generally attributed 
to the presence of spin disorder at the nanoparticle surface which arises due to 
an incoherent coupling of spins between the internal and ligand-bound surface 
atoms.35 In the case of our hollow tetrapods, the presence of PtS particulates is 
also likely to contribute to the canting of spins at the interior surface of the 
iron oxide nanostructure. It is noteworthy that the MS value obtained is 
comparable to those of their hollow spherical analogues with a very similar 
surface-to-volume ratio,16 which suggests that growth of iron oxide around the 
pronounced edges of the geometrically complex template did not exacerbate 
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The temperature dependence of the magnetization was also examined via 
field-cooling measurements, as shown in Figure 4.8. The curve recorded at a 
low temperature after zero-field cooling (ZFC) revealed a blocking 
temperature (TB) of ~ 144 K. The TB obtained from our branched hollow iron 
oxide structures is significantly higher as compared with previous reported 
solid tetrapods or hollow spheres.24,16 This is in spite of the fact that the 
presence of the silica coating results in an increased interparticle distance, 
reduced magnetic dipolar coupling and an expected lower TB value.36,37 The 
high TB value can be attributed to the relatively large particle volume38 and 
shape anisotropy of the hollow tetrapods, thereby enhancing their magnetic 
properties with respect to thermal fluctuations. In accordance with the Néel 
model for superparamagnetic particles,39 larger blocking temperatures may be 
anticipated for hollow tetrapods with larger volume and higher shape 
anisotropy (larger arm aspect ratios), both of which are accessible via our 











Figure 4.7. SQUID measurements of hollow iron oxide tetrapods. 
Field-dependent magnetization curves of the sample at 5 K (open circles) and 
300 K (squares). 
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Figure 4.8. Temperature-dependent magnetization of the sample under 
zero-field-cooled (ZFC) (open circles) and field-cooled (FC) (squares) 




The performance of the silica-coated hollow iron oxide tetrapods as 
magnetically recoverable catalysts was investigated by utilizing them to carry 
out Fenton-based reactions involving the degradation of a well-known 
pollutant, namely p-nitrophenol (pNP). While the classical Fenton reagent 
normally refers to the combination of H2O2, Fe2+ and/or Fe3+,40 a great amount 
of effort has recently been devoted to developing iron oxide nanoparticles as 
heterogeneous Fenton-like catalysts which addresses the drawbacks of the 
classical system such as narrow pH range requirements and lack of catalyst 
conservation.41 For such systems, the generation of •OH at the surface of the 
iron oxide particle is responsible for the oxidation of organic compounds to 
CO2 and water. The degradation reaction were carried out in a pH 7 buffer 
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solution containing porous silica-coated iron oxide hollow tetrapods, pNP and 
H2O2 . After 6 hr of reaction at 35 oC, the hollow iron oxide particles were 
recovered with an external magnetic field and it was observed that the color of 
the solution had changed from yellow to colorless, as illustrated in Figures 
4.9(A) and 4.9(B). The degradation of pNP was quantified by analyzing the 
temporal evolution of the absorption spectra as shown in Figure 4.9(C). The 
degradation efficiency was ~98% after 6 hr of reaction while 
weight-equivalent amounts of commercial iron oxide nanoparticles (<50 nm in 
diameter, Figure 4.10) and H2O2, as well as H2O2 only gave degradation yields 
of 55% and 20% respectively, as summarized in Figure 4.9(D), which were 
determined by standard curve (Figure 4.11). The temporal evolution of the 
absorption spectra of pNP degradation by using commercial iron oxide 
nanoparticles with H2O2 and only H2O2 are shown in Figure 4.12(A) and (B). 
The degradation efficiency of the silica-encapsulated hollow tetrapods was ~ 2 
times higher than their commercially available counterparts. These results 
suggest that the silica-encapsulated hollow iron oxide tetrapods can serve as 
highly effective Fenton-like catalysts for the degradation of organic 
compounds due to their large surface-to-volume ratios, high colloidal stability 
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Figure 4.9. (A, B) Solution containing pNP in the presence of the iron oxide 
tetrapod catalyst at pH 7 before and after a 6 hour reaction time, respectively. 
(C) UV-Vis absorption spectra of pNP in the presence of the tetrapod catalyst 
as a function of reaction time. (D) Degradation of pNP using hollow iron 
oxide tetrapods with H2O2 (red), commercial iron oxide nanoparticles with 
H2O2  (blue), and H2O2 only (black). 
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Figure 4.10. Low magnification TEM image of iron oxide nanoparticles 
purchased from Sigma Aldrich with diameters ranging from ~10–50 nm. 
These particles were used for the catalytic degradation of p-nitrophenol as a 











Figure 4.11. Standard curve used to determine p-nitrophenol (pNP) 
concentration. 
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Figure 4.12. UV-Vis spectral changes of pNP at 400 nm in the presence of (A) 
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In summary, a novel and robust wet-chemistry approach have been shown 
for the synthesis of monodisperse, hollow anisotropic iron oxide 
nanostructures via ultrathin PtS as a template. The growth mechanism was 
attributed to a template-assisted Kirkendall effect which was demonstrated to 
be able to replicate the shape of the original template with high precision. The 
synthesized nanostructures have a surface chemistry that is independent from 
that of the inner iron oxide material through a silica coating which confers 
colloidal stability in aqueous media. SQUID magnetometry measurements on 
silica-encapsulated hollow iron oxide tetrapods showed moderate MS values 
and an increased blocking temperature consistent with an anisotropically 
shaped nanostructure with a large spin-disordered surface. These 
nanocomposites were found to exhibit excellent performance as magnetically 
recoverable catalysts for the degradation of organic pollutants such as 
p-nitrophenol in the presence of H2O2. Aside from catalysis, the exquisite 
synthetic control and versatility to access highly anisotropic iron oxide 
nanoparticle morphologies afforded by the template-assisted Kirkendall effect 
introduced in this work, along with the well-established surface chemistry and 
biocompatibility of silica offers a lot of promise in applications such as MRI, 
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  The synthesis of inorganic nanocrystals with size- and shape-controlled is 
becoming an extremely active research area in nanoscience materials.1-3 In the 
past few years, there is a rapid progress in this field with a large number of 
reports on rods,4-7 triangular prisms,8,9 disks,10-13 cubes14 and branched 
structures15-17. These interesting nanostructures with various morphologies 
provide multiple fundamental and attractive properties, including 
shape-dependent optical, electrical and catalytic characteristics.18-21 Thus, 
metal, metal oxide and semiconductor nanomaterials with novel structures and 
morphologies are desirable for numerous applications, such as photovoltaic, 
chemical sensing, biomedical as well as catalysis.22-25 In particular, among 
these inorganic materials, extensive studies have been focused on plasmonic 
metals, such as gold (Au), silver, copper and palladium at nanoscale, whose 
optical properties are found out to be determined not only on the nature of the 
metal, but also on their surface geometries. It is possible to design 
nanoparticles that interact with the entire solar spectrum or even beyond, by 
simply controlling the composition, size and shape of the plasmonic 
nanoparticles. For example, recent research in manipulating the morphology 
of gold nanostructures, has demonstrated the capability to enrich their surface 
plasmon resonance properties by successful fabrication of structurally more 
complex gold nanomaterials. 26 
   
  The shape-controlled synthesis of Au nanocrystals to more complex 
nanostructures (e.g. branched) were pioneered by Hao et al. and Zou et al.,16,27 
whereby they explored the shape-dependent optical properties due to the 
unique branching features as compared to their spherical counterparts. A large 
amount of recent studies have showed the possibilities to tune gold 
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nanoparticle surface plasmon resonance from blue to near- or even mid-IR 
region.28 These well-defined syntheses of branched gold nanocrystals are 
demonstrated to directly correlate the various morphologies with the surface 
plasmon properties and the subsequent technical applications. For instance, Ye 
et al. and Bieke et al. have demonstrated the synthesis of well-defined gold 
nanocrosses and multipod gold nanoparticles for photothermal effect, 
respectively.24, 29  
   
  Lately, the fabrication and characterization of gold structures as plasmonic 
structures are rapidly moving towards to nanometer accuracy. However, 
measurements of localized surface plasmon resonances are still challenging 
phenomena for near-field experimental inspection. Monochromated electron 
energy loss spectroscopy (EELS) has in recent years demonstrated as a 
qualitative nano-optical and plasmonic experimental technique, due to its 
exceptional spatial resolution, which enables the probing of the local density 
of states for plasmonic nanostructures and providing a fully characterization of 
their optical properties.30-33  
 
  In this chapter, the synthesis and thorough characterization of Au tetrapods 
with silica encapsulation is demonstrated via a facile wet-chemical synthetic 
route by using a unique template growth process. In order to understand the 
shape guided surface plasmonic properties, the as-obtained nanostructures 
have been characterized for their optical properties by UV-Visible 
spectrophotometer. Moreover, the gold tetrapods were demonstrated to 
successfully address the challenge of mapping plasmon field distributions 
within nanometer resolution by using monochromated EELS technique. 
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Synthesis of tetrapod shaped silica coated PtS hollow templates. 
40 pmol of silica encapsulated CdSe seeded CdS tetrapods with hollow 
interior (the same preparation procedure as Chapter 3) were first dispersed in 
1mL of water, which was followed by the addition of ~20 µL of the Pt stock 
solution (as described in Chapter 3). The mixture was then heated to 60 °C and 
stirred for 30 min. The color of the solution changed from light yellow to dark 
yellow. The solution was then centrifuged at 13000 rpm and the supernatant 
was removed. The residue was re-dispersed in 0.5 mL of a 2 M HCl solution 
and sonicated for 1 min to dissolve the cadmium chalcogenide semiconductor 
tetrapods. The solution color turned to dark brown and then centrifuged again 
for a few more cycles and re-dispersed in toluene. 
 
Preparation of gold stock solution: 
For the preparation of the Au stock solution, 60 mg of KAuCl4 (0.16 mmol) 
was dissolved in 5 mL of water, yielding a homogenous clear solution. The 
transfer of KAuCl4 (aqueous solution) from water to toluene was performed 
following a procedure previously reported by Yang et. al.34. In a 10 mL open 
top vial, 1 mL of the Au stock solution (which was appropriately diluted when 
lower Au precursor concentrations was desired) was mixed with 1 mL of a 
mixture comprising of 280 mg of dodecylamine (DDA) dissolved in 10 mL 
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Synthesis of gold tetrapods with silica coating: 
To this reaction mixture, 1 mL of a mixture comprising of 40 nM hollow 
silica coated PtS templates dispersed in 150 mM DDA-toluene solution was 
added to the above mentioned gold-DDA solution and the reaction was 
allowed to continue for a certain time, typically 6 hr at 60 oC. The solution 
color changed from light brown to dark blue and then quenched with MeOH. 
This resulted in silica shell encapsulated Au tetrapods. 
 
TEM characterization: 
A JEOL JEM 1220F (100 kV accelerating voltage) was used to obtain bright 
field low resolution TEM images of the gold tetrapod nanoparticles. For TEM 
measurements, a drop of the nanoparticle solution was placed onto a 300 mesh 
size copper grid covered with a continuous carbon film. Excess solution was 
removed by an adsorbent paper and the sample was dried at room temperature. 
The HRTEM and HAADF-STEM studies and detailed elemental analysis were 
carried out on a FEI Titan 80-300 electron microscope operated at 200 kV, 
which is equipped with an electron beam monochromator, an energy 




UV-visible absorption spectra were obtained with an Agilent 8453 
UV-Visible spectrophotometer. Care was taken to ensure that the 
concentrations of the various nanostructures were sufficiently dilute to avoid 
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XRD Characterization: 
X-ray Diffraction (XRD) data was obtained with a diffractometer (Bruker 
AXS, GADDS) using Cu-Kα radiation (λ=1.540598Å) in the range of 20 o to 
80o. Samples were prepared on a clean silicon wafer by placing drops of 
concentrated nanoparticles in toluene on the silicon surface and dried at 80 oC 
in the oven. This was repeated several times until a thin layer of solid was 
formed on the silicon substrate. 
 
Electron energy loss spectroscopy characterization: 
Gold tetrapods with silica encapsulation nanostructures were dispersed on a 
10 nm thick SiO2 support film (TEM windows), and cleaned for some time in 
an Argon(75%)-Oxygen(25%) plasma, to remove organic surfactants. EELS 
measurements were performed in STEM mode using an FEI Titan TEM 
operated at 80 kV. A Wien-type monochromator dispersed the electron beam in 
energy, and a narrow energy-selecting slit formed a monochrome electron 
beam with typical full-width at half-maximum values of 50–70 meV and full 
width at 1/1000 of maximum values around 0.7 eV. The electron beam was 
focused to a probe with a diameter less than 1 nm.35 
 
5.3 Results and Discussions 
 
In this chapter, the controlled synthesis of an inspiring well-defined gold 
tetrapod nanostructure, in which four arms project out at tetrahedral angles in 
three dimensions, will be discussed. This as-obtained tetrapod nanocrystal is 
composed of an ultrathin hollow PtS template, filled with Au material as a 
core part, which in turn encapsulated with a continuous silica shell. The silica 
coating, as mentioned in my previous chapters, helps to isolate each particle 
during the synthesis reactions as well as subsequent applications, and make the 
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particles stable in both organic and aqueous phase. Furthermore, within this 
single tetrapod geometry, the plasmon resonances of different positions were 
analyzed by monochromated EELS technique.  
 
The fabrication of tetrapod-shaped gold nanoparticles involves colloidally 
growth of particularly uniform hollow PtS tetrapod templates with silica 
encapsulation, which have been recently demonstrated by our group (details of 
synthesis see the experimental part).36 In short, the silica encapsulated PtS 
templates were formed by a partial cation-exchange reaction with the outmost 
surface of cadmium chalcogenide tetrapods which was followed by an acid 
etching process. As discussed in the previous chapters, the silica shell formed 
is porous, and allows a great number of metal ions and organic ligands to pass 
through and access the surface of the inner host material.37 Figure 5.1 shows a 
low resolution TEM image and two magnified examples of hollow PtS 
tetrapods with 27 nm length and the thickness range from 1.0 nm to 1.5 nm, 
which were also observed that there is void between the silica interior and PtS 










Figure 5.1. TEM images of silica-encapsulated hollow PtS tetrapods (A) with 
an average branch length of ~27 nm; (B) and (C) are the corresponding 
magnified images of the individual particles with thicknesses of 1~1.5 nm. 
A B 
C 
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Scheme 5.1. Schematic diagram depicting formation of anisotropic gold 
tetrapod nanostructures via hollow PtS as a template. 
 
 
The route for synthesizing gold tetrapods is illustrated in Scheme 5.1. The 
PtS templates with silica encapsulation were applied as host materials to 
derive a new generation of branched plasmonic metal nanostructures. The 
tetrapod-shaped gold nanoparticles were produced in the presence of uniform 
hollow PtS templates, with adding KAuCl4-DDA mixture to the growth 
solution dropwise, and then subjected to heating to 60 oC for 6 hr for particle 
growth. In the growth solution, DDA is used as a mild reducing agent while 
hollow PtS templates serve as multiple nucleation centers for subsequent 
growth of tetrapod shape gold nanoparticles, possibly due to the high affinity 
between Pt and Au. By varying the solvent, gold precursor to reducing agent 
ratios and heating temperatures, an optimized synthesis condition, which 
improves the control of the synthetic procedure, was obtained and described in 
the experimental section. This synthetic route allows us to obtain as much as 
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50-60 percent yield of gold tetrapods. As mentioned in the earlier chapter, the 
silica shell in the final product not only helps to circumvent interparticle 
agglomeration throughout the synthesis process, but also provides good 
biocompatibility, and colloidal stability in aqueous solvents for subsequent 
applications.  
 
The gold tetrapods were characterized structurally with TEM using 
JEM-1220 and FEI Titan 80-300 operated at an acceleration voltage of 100 kV 
and 200 kV, respectively. Figure 5.2 depicts the silica encapsulated gold 
nanoparticles which were obtained via the template showed in Figure 5.1. The 
length of the well-formed arms is roughly 45-50 nm, and some appeared to 













Figure 5.2. Low resolution TEM image of silica-encapsulated gold tetrapod 
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Figure 5.3. (A) Representative zoomed-in TEM image of a Au tetrapod, 
which clearly showed a PtS template inside. (B,C) HRTEM image of gold 
tetrapod. The red squares mark zoomed-in regions showing clear lattice 
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Figure 5.3(A) shows a zoomed-in TEM image of one gold tetrapod 
nanostructure, which evidently explains the existence of PtS template inside 
the Au tetrapod. Figure 5.3(B) and 5.3(C) are high-resolution transmission 
electron microscope (HRTEM) images of two examples of individual particles. 
From the zoomed-in regions in the red squares of Figure 5.3(B), they indicate 
the presence of polycrystalline gold structure due to the multiple nucleation 
sites at the surface of PtS templates. FFT images (insert in Figure 5.3(B)) of 
various regions of nanoparticles reveal the existence of planes corresponding 
to face-centered cubic (fcc) of gold nanostructure. FFT image of one particular 
part of the arm (insert in Figure 5.3(C)) displays obviously hexagonal 
symmetry, consistent with the (1,1,1) direction of gold fcc structure.  
 
Characterization by HAADF-STEM, as depicted in Figure 5.4(A), provides 
further evidence for three distinct regions due to different contrast among 
various materials, where it is seen that silica coated gold tetrapod structure as 
well as ultrathin PtS template within it. The layer of silica shell is not so bright 
due to the high contrast of Au material. The corresponding chemical 
compositional profile of the one point from the particle was probed via EDX, 
as shown in Figure 5.4(B) which illustrates the presence of Au and Si as 
expected. The signals of Pt and S may be buried in the background, masked by 
the strong signal of Au element.  
 
The structure analysis of branched particles was further investigated by 
XRD, as shown in Figure 5.5. The reflection at 37.9 o, 44.1 o, 64.5 o, and 77.5 
o, corresponding to the 2θ values that were resulted from the (111), (200), (220) 
and (311) planes of the fcc gold phase, respectively. 
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Figure 5.4. (A) HAADF-STEM image of one gold tetrapod, which labeled 
PtS, SiO2 and Au parts. The red spot is the location used to obtain EDX 
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In order to identify the importance of the addition of ultrathin PtS tetrapod 
templates in the growth solution for the formation of gold tetrapod 
nanostructures, several control experiments were preformed. In the control 
experiment where gold nanoparticles grew without the adding silica 
encapsulated PtS templates, no branched particles could be observed, as 
shown in Figure 5.6(A). In addition, a hollow silica shell without the PtS 
component was used as growth templates, in order to rule out the possibility of 
silica as a host material support for the growth of gold tetrapods. In Figure 
5.6(B), there was no sign of any well-defined tetrapod shaped gold 
nanostructures formed. These observations collectively emphasize the need of 
the silica encapsulated PtS templates to be a supporting layer for the growth of 













Figure 5.6. TEM images of control experiments for the synthesis of silica 
coated gold tetrapods: (A) without silica encapsulated PtS templates; (B) a 
hollow silica shell without PtS component used as a template. 
 
A B 
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A 
As known, gold nanoparticles exhibit strong surface plasmon resonance 
(SPR) absorption, depending on the size and morphology.19-21 Comparing to 
the red color of spherical gold nanoparticles, the color of gold tetrapods 
colloidal solution is blue, as shown in Figure 5.7(A). The measured UV-Vis 
spectrum is demonstrated in Figure 5.7(B) and it displays a notable plasmonic 
peak which is red shift from ~500-530 nm for spherical nanoparticles to ~752 
nm for gold tetrapod nanostructures. It has been reported that the short 
branched gold particles with an average particle size of ~40 nm displayed an 
absorption peak at 560 nm38, while “three tipped” branched gold nanoparticles 
with an arm length of 30 nm had a plasmonic peak at 650-700 nm.16 In this 
work, the gold tetrapod nanoparticles exhibited a weak peak at 752 nm, and 
the peak full width at half maximum reached ~350 nm, which showed that 
with the enlargements of branched gold nanoparticle, there is a broadened and 
weakened absorption peak between 500 nm and 1000 nm. Due to Rayleigh 
light scatting from particles with diameter > λ/20,39 the light scattering 









Figure 5.7. (A) Solution containing silica encapsulated Au tetrapods. (B) 
UV-Visible spectra of Au tetrapods with silica encapsulation. 
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Further in this chapter, a monochromated EELS technique to accurately 
measured EELS spectra at different positions and map the plasmon field 
distributions within nanometer resolution of an individual tetrapod 
nanoparticle will be introduced. This technique has only been reported very 
recently to accurately measure surface plasmon damping within a single 
nanostructure, which requires high energy resolution as well as excellent 
signal-to-noise ratios.40-42 EELS experiments were performed using an FEI 
Titan (S)TEM operated at 80 kV (details refer to experimental section). Figure 
5.8 and 5.9 show the overview experimental results obtained in this work, 
from around 10 nm width and 45 nm length arms of gold tetrapod 
nanostructures with EELS approach. A beam of electrons with a diameter less 
than 1 nm was used to excite damped harmonic plamonic oscillations, and 1-2 
nm away from measurement positions of the individual gold nanoparticle. In 
this work, the EELS method were used to measure the low-energy capability 
for characterizing plasmons down to 0.84 eV in energy and high 
signal-to-noise ratios that enabled accurate determination of the resonant 
energies from the spectra. The EELS measurement study of branched and 
slightly irregularly arm shaped gold tetrapods shows that the distinct plasmon 
modes of the structure can be equally well analyzed quantitatively. Results of 
two examples of gold tetrapods and their corresponding EELS spectra and 
plasmon maps will be discussed. Collectively, these examples demonstrate for 
the first time, the unique capabilities of EELS technique for the spectral and 
spatial mapping of the different mode spectrums from a gold tetrapod-shaped 
nanostructure. 
 
Figure 5.8 illustrates one example of branched gold nanostructure which 
was studied experimentally with EELS method. A TEM image of the 
corresponding sample is shown in Figure 5.8(A). Figure 5.8(B) demonstrates 
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the deconvoluted EELS spectra at four distinct positions (i=center green, 
ii=left arm red, iii=top arm blue and iv=right arm cyan) on a branched gold 
nanoparticles. The spectra vary considerably from one position to the next, 
due to the diverse size and shape of each arm. Four features are identified at 
0.92, 1.14, 1.25 and 1.66, respectively. It is evidently suggested that the low 
modes in energy are size and shape dependent, which is that their energy 
increasing with the decreasing of the arm length. With this understanding, the 
experimental data of the other tetrapod example showed in Figure 5.9(A) and 
(B) confirms that the top and left arm are almost the same length showing the 
similar value of spectra peaks, and the center arm should be slightly shorter 
because of the red shift of spectra, however the length of the center arm can 
not be measured based on TEM image. 
 
With the spectrum image was extracted in energy slices with 0.05 eV 
intervals, plasmon excitation maps were obtained as shown in Figure 5.8(C). 
These maps are very much related to the spatial field distribution of the 
plasmon modes supported by the gold tetrapod nanostructure. The maps of 
different arms are very distinct, comparing the longer to shorter arms and 
center positions. The results show that from very low to relatively high 
energies, the electrons began to oscillate from the long arm (right) to relatively 
shorter one (left), then to the shortest arm (top) and finally in the center with 
photons. This phenomenon also explains the various EEL spectra we got from 
different positions of the branched gold particle in Figure 5.8(C). The other 
example of main plasmon modes of a gold tetrapod characterized by EELS 
measurements is illustrated in Figure 5.9(C), which also show the distinct 
maps with energy slices of 0.05 eV. 
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Figure 5.8. (A, B) Extracted experimental EELS of one example of Au 
tetrapod from (i) center, (ii) left arm, (iii) top arm and (iv) right arm of the 
nanoparticle. (C) Plasmon maps obtained experimentally from integrated 
EELS signal intensity over the energy range of (i) 0.91-0.96 eV, (ii) 1.09-1.14 
eV, (iii) 1.22-1.27 eV and (iv) 1.57-1.62 eV. 
 
C 
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Figure 5.9. (A, B) The other example of extracted experimental EELS of one 
Au tetrapod from (i) center arm, (ii) left arm and (iii) top arm of the structure. 
(C) Plasmon maps obtained experimentally from integrated EELS signal 
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In this chapter, an approach for the synthesis of well-defined gold tetrapods 
with silica encapsulation through wet-chemistry template growth has been 
presented. The special monodispersed ultrathin PtS templates were found to 
act as a multiple heterogeneous nucleation sites because of the affinity 
between Pt and Au, and the HRTEM further proves polycrystalline nature of 
gold tetrapods. The silica oxide shell acted as a protective layer, and allowed 
the inside component both aqueous and organic phase colloidally stable. The 
extinction spectrum showed the plasmon band red shifted to 752 nm 
comparing with 500-530 nm of spheres, which illustrates the shape-dependent 
optical properties. In addition, the gold tetrapod nanostructures were measured 
EEL spectra and mapped the plasmon field distributions within nanometer 
resolution by monochromated EELS technique. These results open a new 
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Conclusion: 
In this thesis, the wet chemical synthesis and thorough characterization of 
versatile colloidal metal- and metal oxide-semiconductor nanoheterostructures 
with different material combinations have been broadly explored. Novel and 
unique synthetic routes were demonstrated to obtain highly robust and uniform 
hybrid nanoparticles with well-defined structures, and the structural properties 
of each component have been strongly modulated and detailedly studied.  
 
  In chapter 2, a photo-induced synthetic route was demonstrated to 
selectively deposit a second metal or metal oxide onto Au-tipped CdSe seeded 
CdS semiconductor nanorods in order to incorporate more functionalities. In 
this scenario, when Au-tipped CdSe seeded CdS nanorods underwent UV 
excitation, it was found that electrons from CdS migrated and collected on the 
Au tips.1 Therefore, the existing Au tip was utilized as a heterogeneous 
nucleation site to achieve the deposition of metals such as Pd and Fe, which 
were known to be impossible to directly deposit onto cadmium chalcogenide 
semiconductor nanorods. The introduction of the relatively mild, UV 
excitation assisted metal deposition methodology proved that it did not 
produce any detrimental effects on the size or shape of the semiconductor 
nanorods. In addition, the approach was presented as a facile strategy for 
expanding the range of metals and metal oxides that could be incorporated into 
the heterostructured semiconductor systems, potentially improving their 
functionalities. In particular, the introduction of Pd and Fe onto cadmium 
chalcogenide nanorods to form Pd-Au alloyed tips and Au core-FexOy hollow 
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  For the synthesis of metal-semiconductor heterostructures in aqueous phase, 
the phenomenon where particles irreversibly agglomerate into large structures, 
was always considered as a drawback for subsequent applications. Chapter 3 
provided a facile and robust methodology to overcome this critical issue in 
order to produce hierarchically complex metal-semiconductor heterostructures 
in aqueous phase. The key points of this approach were firstly the 
encapsulation of intricately shaped semiconductor nanoparticles with a silica 
shell, CdSe seeded CdS tetrapods in this chapter, and subsequently selectively 
etching away the inner part of SiO2 by dilute HF, resulting in the formation of 
a hollow interior between the silica shell and semiconductor. This leads to the 
isolation of each individual particle as well as providing enough space for a 
second material to grow onto the host semiconductor. This technique was 
utilized for the synthesis of CdSe seeded CdS tetrapods with Pt decoration. By 
exposing silica encapsulated host semiconductor with different amounts of Pt 
precursor in water phase, various types of heterostructures were achieved. 
Small amounts of metal precursor yielded Pt2+ partial cation exchange with the 
outermost layer of CdS to form a thin PtS layer coated onto the CdS tetrapods 
surface, while with the increase of Pt precursor amount, Pt nanoparticles were 
produced onto the hybrid semiconductor surface within the hollow interior. 
Because of the thin interfacial layer of PtS, the subsequent cation exchange 
reactions with Ag+ and Pd2+ were performed on the Pt decorated 
semiconductor nanostructures with high colloidal stability yielding Ag2S and 
PdS tetrapods with Pt nanoparticles deposition respectively. In this chemical 
transformation process, the PtS layer was utilized as a framework of the Pt 
decorated surface and facilitated cation exchange of the underlying CdS 
structure. These as-obtained nanocomposites have a lot of potential utilities for 
both catalysis and optoelectronics. 
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The controlled fabrications of anisotropic metal and metal oxide 
nannostructures have received increased attention due to the unique 
shape-dependent properties.2,3 In Chapter 4 and 5, novel and robust 
approaches have been discussed to demonstrate the synthesis of monodisperse, 
anisotropic-shaped hollow iron oxide and solid gold nanostructures via a 
special template growth process, resulting in unique shape-dependent 
magnetic and plasmonic properties, respectively.  
 
The synthesis of monodisperse, hollow anisotropic iron oxide 
nanostructures via ultrathin hollow PtS as a template has been shown in 
Chapter 4. These particular hollow templates were discussed in the previous 
chapter via partial cation exchange with cadmium chalcogenide 
semiconductors and a subsequent acid etching processes. Hollow anisotropic 
iron oxide nanostructures were synthesized via the thermal decomposition 
method in the presence of the silica coated PtS nanostructures as templates. 
Surprisingly, iron was deposited within the interior of a hollow PtS host 
material, followed by structural transformation into hollow iron oxide through 
a shape-preserving Kirkendall effect. The as-obtained nanostructures showed 
colloidal stability in the aqueous phase due the encapsulation of silica, leading 
to potential applications for both catalysis and bio-applications (e.g. MRI, 
drug delivery). SQUID measurements demonstrated moderate MS values and a 
high blocking temperature consistent with an anisotropically shaped 
nanostructure with a large spin-disordered surface. As for the catalytic abilities, 
the as-synthesized nanocomposites performed as magnetically recoverable 
catalysts for Feton-like reactions, and displayed markedly improved catalytic 
performance compared with commercially available iron oxide nanoparticles. 
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In chapter 5, an approach for the synthesis of well-defined and 
monodispersed gold tetrapods with silica encapsulation was presented. Similar 
to the synthesis of iron oxide tetrapods, the special ultrathin hollow PtS 
templates were used as multiple nucleation sites for the heterogeneous 
nucleation of gold tetrapods due to the high affinity between Pt and Au. In the 
same way, the silica oxide shell acted as a protective layer, and allowed the 
internal component to be colloidally stable both in the aqueous and organic 
phase. With the shape turning from isotropic spheres to anisotropic branched 
structures, the extinction spectrum showed the plasmon band red-shifting to 
752 nm. In addition, by using monochromated electron energy loss 
spectroscopy (EELS) technique, the gold tetrapod nanostructures were 
measured EELS spectra of different positions within an individual particle and 
mapped the plasmon field distributions up to nanometer resolution.  
 
In summary, the synthesis of these unique nanocomposites is to the best of 
our knowledge, unprecedented and these nanostructures provide new systems 
for further generation of different structures. More importantly, the novel 
metal- and metal oxide-semiconductor nanostructures will undoubtedly open 
up avenues for new or enhanced applications in catalysis and optoelectronics, 
and the new branched gold and hollow iron oxide nanoparticles offer a lot of 
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Future Outlook: 
 Based on the work in this thesis, we seek to extend the research as follows: 
(1) From the detailed understanding of light-induced metal deposition 
process, this thesis can be helpful for the synthesis of other metal or 
metal oxide decorated semiconductors heterostructures, which may be 
known to be impossible to directly deposit onto the host 
semiconductors.  
(2) Different types of hybrid metal and metal-oxide semiconductor 
nancomposites, such as different combinations of metal types at each 
end of the nanorods and tetrapods have been presented in our group.4,5 
More understanding with respect to introducing metal contacts of 
asymmetric Fermi levels to the optically active semiconductor will help 
to study the interesting photoconductivity properties, leading to the 
applications in colloidal nanoparticle based optoelectronic devices. 
(3) The synthesis of different semiconductor-semiconductor and 
metal-semiconductor nanocomposites with silica encapsulation, such as 
PtS coated calmium chalcogenide, and Pt particles decoration on 
PtS/CdS, PtS/Ag2S and PtS/PdS tetrapods, produced heterostructures 
with high colloidal stability in the aqueous phase. These hybrid 
nanostructures are currently being investigated for their potential 
photocatalytic abilities. 
(4) The discovery of ultrathin hollow PtS tetrapods used as special 
templates to derive gold or iron oxide tetrapod shaped nanostructures, is 
a point of inspiration for the synthesis of other metal or metal oxide 
tetrapods, such as silver, palladium, cobalt and so on, leading to more 
interesting shape-dependent optical and magnetic properties.  
(5) Monochromated electron energy loss spectroscopy technique has 
demonstrated to measure the full-modal spectra and map the plasmon 
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fields of a single gold nanoparticle with nanometer resolution. More 
efforts are needed to study the plasmon coupling in noble metal 
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